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Abstract 
The development of new cost effective, earth abundant, long functional 
lifetime and high power conversion efficiency photovoltaic (PV) materials has 
become essential in resolving the energy shortage crisis and pollution of the 
environment. Thin film PV technologies offer the potential to reduce the production 
cost for both raw materials used in solar cell devices and the device fabrication 
process requirements. Despite the promising CdTe and Cu(Ga, In)Se2 (CIGS) 
technologies in thin film photovoltaics, the scarcity of elements such as tellurium and 
indium may limit the production scale (in terawatts) of the PVs. To overcome this 
issue, a material based on copper zinc tin sulphide (Cu2ZnSnS4 or CZTS) is 
emerging as a promising new sustainable light absorbing material for PV 
technologies. Consisting solely of earth abundant, non-toxic and inexpensive 
elements, direct bandgap p-type CZTS offers a high light absorption coefficient of 
104 cm-1 with an adjustable bandgap of 1.0 - 1.5 eV, which favourably matches the 
solar spectrum.   
Recently, Cu2ZnSn(S,Se)4 (CZTSSe) based thin film solar cells prepared by a 
hydrazine based solution-particle method have reached up to 12.6% efficiency. 
Nevertheless, this method is not suitable for large-scale fabrication because the 
preparation of hydrazine precursor solution needs to be performed in a nitrogen-filled 
glove box to avoid the danger of the reaction as hydrazine is highly toxic and 
hazardously unstable. In contrast, hydrothermal methods, which employ water-based 
precursor solutions to prepare CZTS materials, are comparatively more economical 
and environmentally friendly. However, the purity of the synthesised CZTS materials 
has always been an issue in the non-organic, water-based hydrothermal synthesis 
approach.  
Through an in-depth investigation and understanding of the influence of 
various parameters such as the reaction duration, temperature and surfactant on the 
formation of CZTS compound, high purity CZTS nanoparticles with sizes ranging 
from 40 to 60 nm were synthesised in the presence of a polymer surfactant. The 
effect of different surfactants, including polyacrylic acid (PAA), 
polyvinylpyrrolidone (PVP) and polyethylene glycol (PEG), was investigated in 
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terms of the formation and chemical composition of the hydrothermal products. The 
time-dependent phase evolution of CZTS was studied to elucidate the formation 
mechanism of CZTS in the hydrothermal system. CZTS compound in this 
hydrothermal system was formed through the reaction between metal sulphides, 
which is similar to the CZTS compound formed in a solid-state reaction.  
CZTS was discovered to form via a different reaction route when the surfactant 
used in the hydrothermal reaction system was changed from polymer based material 
to thioglycolic acid (TGA). The formation of CZTS was initiated by the formation of 
nucleation of Cu2-xS, which was then followed by the diffusion of Zn2+ and Sn4+ 
cations to the lattice of Cu2-xS during the hydrothermal reaction. By studying the 
formation mechanism in detail, it was discovered that TGA played the dual functions 
as both a reducing agent and surfactant in the hydrothermal reaction. Reduction of 
Cu2+ to form Cu+ in the presence of TGA was observed prior to the hydrothermal 
reaction. In the later stage of the reaction, the growth of CZTS nanocrystals was 
controlled by TGA. The consequence of the reduction of Cu2+ to Cu+ led to the 
formation of Cu2-xS nuclei, which acted as the crystal frameworks for CZTS 
formation. The as-synthesised CZTS nanocrystals exhibited strong light absorption 
with a bandgap of 1.51 eV as determined by UV-visible spectroscopy. 
The effect of different sulphur sources in the hydrothermal reaction on the 
formation of CZTS was studied. It was found that the nature of the sulphur source 
had significant influences on both the compositional purity and the crystal structure 
of the synthesised hydrothermal product. CZTS materials consisting of both wurtzite 
and kesterite crystal phases were obtained using an organic sulphur source, such as 
thioacetamide or thiourea, while the pure kesterite phase CZTS nanocrystals were 
produced when the inorganic salt, sodium sulphide (Na2S), was employed in the 
precursor solution of hydrothermal reaction. The simple doctor-blading method was 
employed to deposit uniform and compact CZTS layers on Mo-coated soda lime 
glass substrate. The investigation of the thermal treatment effect on the film indicated 
that the wurtzite phase of CZTS was completely transformed into the kesterite phase 
when the material was annealed at 550 °C. Large grains (~2 μm) were detected on 
the surface of the CZTS thin film when the annealing temperature was carried out at 
600 °C. CZTS films annealed at 600 °C exhibited higher and more stable 
photocurrents as compared to the film annealed at 550 °C. 
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The CZTS grain growth mechanism from nanocrystals to large crystals under 
high temperature thermal annealing treatment was investigated. It was discovered 
that the carbon residual left behind by the evaporated solvent used in the CZTS 
slurry formulation influences the grain growth of CZTS during the thermal treatment. 
Through the soaking of CZTS films in a sodium salt solution, the thermal treated 
films showed a significant improvement in grain size. The complete transformation 
of CZTS nanoparticles into large grains was observed in the sodium soaked films 
annealed at 600 °C for 1.5 h. The study shows that grain growth of CZTS from 
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Chapter 1: INTRODUCTION  
1.1 BACKGROUND 
Copper zinc tin sulphide (Cu2ZnSnS4, CZTS) material has attracted the attention of 
numerous researchers over the past few years as it is regarded as a new and 
promising light absorber material for thin film photovoltaic (PV) applications. CZTS 
offers favourable optical and electronic properties that benefit thin film PV 
applications, and is composed of abundant, non-toxic elements. Recently, 
Cu2ZnSn(S,Se)4 (CZTSSe) based thin film solar cells prepared by a hydrazine based 
solution-particle method have reached up to 12% efficiency.1 Nevertheless, this 
method is not suitable for large-scale fabrication, due to the danger of the reaction. In 
contrast, hydrothermal is a low cost and environmentally friendly method, which 
uses water-based precursor solutions to prepare CZTS materials. The advantage of 
this method over other types of crystal growth methods lies in the ability to generate 
homogenous nucleation and growth of crystals.  
1.2 CHALLENGES 
Nevertheless, the purity of the synthesised CZTS materials has always been an issue 
in the non-organic, water-based hydrothermal synthesis approach. The investigation 
on the phase diagram of the Cu2S-SnS-ZnS system has shown that a single-phased 
CZTS material can only be formed in a very small region.2 This is due to the fact that 
the secondary phases such as Cu2-xS, ZnS, SnS2, and CuxSnSy are more favourable to 
form than CZTS. Besides that, in a water-based hydrothermal system, metal oxides 
are also likely to form in the absence of chelating agents. These impurities (metal 
oxides and secondary phases) can provide shunting current paths through the solar 
cell or act as recombination centres, which will degrade the solar cell performance. 
Furthermore, the detailed influences of various reaction conditions on the formation 
of CZTS compound and the formation mechanism of CZTS compound in the 
hydrothermal system has never been disclosed during the study. Therefore, it is very 
challenging to synthesise pure phase CZTS materials in the hydrothermal synthesis 
approach.  
Ph.D. Thesis – Queensland University of Technology                                                              V. T. Tiong 
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1.3 AIMS AND OBJECTIVES 
1.3.1 Aims 
This research project aims to develop a simple yet convenient hydrothermal approach 
to synthesise pure phase CZTS light absorber materials and fabricate CZTS thin 
films for solar cell applications.  
1.3.2 Objectives 
• Identify the effects of various reaction conditions and surfactants on the 
purity, phases and morphology of the resulting CZTS products.  
• Understand the formation mechanism of CZTS materials in hydrothermal 
system. 
• Develop a slurry/paste with suitable rheological properties for CZTS films 
deposition. 
• Study the grain growth mechanism of CZTS under high temperature thermal 
treatment. 
• Identify the limitation(s) of CZTS grain growth and the requirements for 
growing large-grained CZTS absorber layer.   
• Analyse the optoelectronic properties of CZTS materials and films.  
1.4 THESIS OUTLINE 
This thesis by publication includes a total of seven chapters.  
The following chapter, Chapter 2, provides an introduction to information on the 
needs of renewable energy in resolving the world energy crisis, and the advantages 
of solar photovoltaic over other types of renewable sources. This chapter concludes 
with a comparative analysis of various CZTS synthesis and thin film deposition 
techniques to identify the key characteristics and shortcomings of existing methods, 
therefore providing context and motivation for the research presented in this thesis.  
Chapters 3 to 6 present the primary contributions of this thesis in the form of three 
published papers and a soon-to-be-published paper, descriptions of which are as 
follows. 
Chapter 1: Introduction 
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In spite of the great potential associated with the material, CZTS, there is a lack of 
understanding on the influence of various parameters (reaction duration, temperature 
and surfactant) on the formation of the CZTS compound as well as its growth in 
hydrothermal reaction systems. Therefore, the first stage of the research presented in 
Chapter 3 focused on the hydrothermal synthesis of Cu2ZnSnS4 (CZTS) 
nanoparticles by using an organic sulphur source and different polymers as a capping 
agent. The influence of various synthetic conditions on the formation of CZTS 
compound was investigated. The formation of CZTS compound in this hydrothermal 
reaction was found to form through the reaction between binary sulphide ZnS and 
ternary sulphide Cu2SnS3 with the latter formed from Cu2S and SnS2. The results in 
this chapter were published in the Journal of Science of Advanced Materials 
(Vincent Tiing Tiong, Tubshin Hreid, Geoffrey Will, John Bell, and Hongxia Wang, 
“Polyacrylic Acid Assisted Synthesis of Cu2ZnSnS4 by Hydrothermal Method”, Sci. 
Adv. Mater., 2014, 6(7), 1467-1474). 
The organic sulphur source has always been a preferred sulphur source in the 
synthesis of metal chalcogenides due to the fact that it can chelate with the metal ions 
to form complexes and hence prohibit the formation of metal oxide in the 
hydrothermal system. In addition, Chapter 3 has shown that pure phase CZTS 
compound could only be synthesised in the presence of a suitable surfactant. 
Therefore, it has always been a challenge to synthesise metal chalcogenides using an 
inorganic sulphur source. Nevertheless, pure phase CZTS nanocrystals have been 
successfully synthesised using an inorganic sulphur source and thioglycolic acid 
(TGA). Chapter 4 investigates the effect of TGA as a surfactant in the synthesis of 
CZTS nanocrystals by utilizing the hydrothermal method. The formation of CZTS 
compound in this hydrothermal system was found to be different from the formation 
of CZTS presented in Chapter 3. In this hydrothermal system, the formation of CZTS 
nanocrystals was initiated by the formation of Cu2-xS nuclei, followed by the 
diffusion of Zn2+ and Sn4+ cations to the lattice of Cu2-xS. The work in this chapter 
was published in the Beilstein Journal of Nanotechnology (Vincent Tiing Tiong, 
John Bell, and Hongxia Wang, One-Step Synthesis of High Quality Kesterite 
Cu2ZnSnS4 Nanocrystals - A Hydrothermal Approach, Beilstein J. Nanotech., 2014, 
5, 438-446). 
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It has always been of great interest to researchers to synthesise a light absorbing 
material with different crystal structure. This is due to the fact that the crystal 
structure of a light absorbing material determines its optoelectronic properties, which 
will decide its performance in PV devices. However, in the previous chapters 
(Chapter 3 and 4), only the kesterite phase CZTS was synthesised. Therefore, 
Chapter 5 investigates the influence of a different sulphur precursor used in 
hydrothermal reaction on the compositional purity and crystal structure of the 
synthesised CZTS product. The final product was found, containing both wurtzite 
and kesterite crystal phase, when an organic sulphur precursor such as thioacetamide 
or thiourea was used in the precursor solution, while pure kesterite phase CZTS 
nanocrystals were obtained when Na2S was employed as the sulphur precursor. The 
wurtzite CZTS material was found to completely transform into kesterite phase when 
the material was annealed at 550 °C. Large grains were also observed on the surface 
of CZTS film after thermal treatment at 600 °C. CZTS films that were annealed at 
600 °C showed higher and more stable photocurrent as compared to the film 
annealed at 550 °C. The research in this chapter was published in the Journal of 
CrystEngComm (Vincent Tiing Tiong, Yi Zhang, John Bell, and Hongxia Wang, 
Phase-Selective Hydrothermal Synthesis of Nanocrystals: The Effect of Sulphur 
Precursor, CrystEngComm, 2014, 16(20), 4306-4313). 
High-temperature thermal annealing treatment is essential for fabricating films with a 
large-grained absorber layer, to reduce the recombination and carrier scattering from 
the boundaries between crystals. Chapter 5 has revealed that CZTS films with large 
crystals are preferable to generate higher and stable photocurrent, which is beneficial 
in fabricating high efficient solar cell devices. However, failure in growing a 
complete, large-grained CZTS layer in previous work raises two questions:  
(i) What has limited the grain growth of CZTS?  
(ii) What is the requirement(s) to grow a complete large-grained CZTS layer?  
Chapter 6 focuses on the study of the influence of carbon concentration of solvent 
used in the CZTS slurry formulation and the role played by sodium in terms of CZTS 
nanocrystal grain growth during thermal annealing treatment. The work presented in 
the chapter shows that large grain growth of CZTS from nanocrystal is possible with 
the right annealing conditions. The results from the chapter will be published soon. 
Chapter 1: Introduction 
 5 
The final chapter (Chapter 7) presents a summary of the research presented in each 
of the published papers, and highlights the key findings and contribution of this 
research. This chapter also discusses the future avenues for research, inspired by the 
results of this thesis.  
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Chapter 2: LITERATURE REVIEW 
2.1 THE NEED FOR RENEWABLE ENERGY 
Energy shortage and environment pollution have been the “bottle-necks” of 
development for human society in this century. Therefore, new approaches that can 
generate energy in a sustainable way, while protecting the environment, have 
gradually gained the attention of countries around the world. One of the best-known 
ways of achieving this is by exploiting renewable energy resources. Renewable 
energy is energy which can be obtained from natural resources that are continuously 
replenished, such as sunlight, wind, rain, tides, waves and geothermal heat. These 
energy sources have gained significant public interest as an alternative energy source 
for the future.  
The energy sector (stationary energy, transport and fugitive) is responsible for the 
majority of Australia’s greenhouse gas emissions and accounted for 76.9% or 417.4 
Mt CO2-e of Australia’s net emissions in 2010.1 These greenhouse gases, such as 
carbon dioxide and methane, absorb infrared radiation and trap heat in the Earth’s 
atmosphere, contributing to global warming. In addition, pollutants, such as nitrous 
oxides and sulphur oxides, which are produced as a result of using fossil fuel 
sources, have deleterious environmental effects and can lead to problems such as 
smog and acid rain. In contrast, renewable energy sources produce energy from 
clean, sustainable resources such as solar radiation and have less environmental 
impact.  
Another benefit of using renewable energy sources is energy security and 
independence. Conventional generation sources, such as natural gas, coal, or 
petroleum, generally require transportation of the fuel from one place to another, 
sometimes even from one country to another. There is also speculation over the size 
of petroleum reserves and whether or not peak oil has been reached. With renewable 
energy resources, energy is harvested from the source available at the site, with the 
exception of biofuels. An example of this is solar energy, where electricity is 
generated directly from the solar radiation incident on the panels.  
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Figure 1: World energy consumption by fuel type, 1990-2040 (quadrillion Btu) (reproduced with 
permission from ref. 2, copyright 2013, U.S. Energy Information Administration). 
Given the expectation that world oil prices will remain at high levels relative to 
historical experiences, petroleum and other liquid fuels are the world’s slowest-
growing source of energy (Figure 1).2 Liquid fuel consumption is projected to 
increase at an average annual rate of 0.9 percent from 2010 to 2040, whereas the total 
energy demand will increase by 1.5 percent per year. Nuclear power and renewables 
are the fastest-growing sources of world energy, both increasing at an average annual 
rate of 2.5 percent. Concerns about energy security, the environmental impact of 
fossil fuel emissions, and sustained high world oil prices support the expanded use of 
nuclear power and renewable energy over the projection.  
Among all renewable energy sources, solar energy has emerged as one of the most 
rapidly growing renewable sources of electricity and it is considered to be the most 
economic and effective among all available renewable energy resources. It also has 
the advantages of modularity, scalability and flexibility in installation over other 
renewable energy resources. Solar energy technologies convert radiation from the 
sun to a usable form of energy, such as electricity and heat. The estimated world net 
renewable electricity generation by energy sources from 2010 to 2040 can be seen in 
Table 1. The table shows that electricity generation by solar energy will increase 
from 34 billion kilowatt-hours in 2010 to 452 billion kilowatt-hours in 2040 with an 
average annual percentage growth of 9.1 percent, which is  the fastest growth rate 
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when compared to other renewable energy resources.2 These figures indicate the 
large potential of solar energy to become one of the leading renewable sources in 
electricity generation in decades to come.  
Table 1: World net renewable electricity generation by energy source, 2010-2040 (billion kilowatt-
hours) (reproduced with permission from ref. 2, copyright 2013, U.S. Energy Information 
Administration). 





Hydroelectric 3402 3805 4452 4762 5177 5692 6232 2.0 
Wind 342 767 1136 1383 1544 1694 1839 5.8 
Geothermal 66 112 133 146 171 195 220 4.1 
Solar 34 157 240 288 327 394 452 9.1 
Other 332 427 549 643 729 800 858 3.2 
Total 4175 5267 6509 7222 7948 8775 9601 2.8 
 
2.2 SOLAR RESOURCE ON EARTH 
Wavelength (nm)





























Figure 2: Standard solar spectrum of AM 1.5G and AM 1.5D for terrestrial application. 
The total solar power irradiating at the earth surface is around 120,000 terawatts 
(TW).3 Approximately 30% of solar radiation is reflected back to space and about 
half of it reaches the earth’s surface. The spectrum of solar light at the earth’s surface 
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is mostly spread across the visible (400 - 770 nm) and infrared (770 - 4000 nm) 
ranges with a small part in the near ultraviolet (100 - 400 nm). The solar spectrum 
becomes attenuated after it enters earth’s atmosphere, due to absorption and 
scattering by ozone, CO2, water molecules, dust layers, and etc. The actual passage 
through the atmosphere is accounted by an air mass (AM) number. A standard solar 
spectrum of AM 1.5G has been defined in order to set a reference for various solar 
cell measurements at different latitudes on the earth’s surface. Figure 2 shows the 
global incident, AM 1.5G, where G stands for ‘global’, containing both ‘direct’ and 
‘diffuse’ components of sunlight and the direct component, AM 1.5D at earth’s 
surface.  
A vital consideration in the development of photovoltaic devices is the optimisation 
of materials for light absorption. As illustrated in Figure 2, the irradiation of the light 
within the visible region, which corresponds to a wavelength range of approximately 
380 nm to 780 nm, accounts for approximately 46% of the total solar spectrum. The 
infrared region is as important as the visible light region as it accounts for about 49% 
of the total solar spectrum. Therefore, it is very important to employ a suitable light 
absorber material with a matched bandgap to enable the capture of a wider range of 
light, thus producing higher efficiency solar cells.  
 
Figure 3: The Shockley-Queisser limit for the maximum possible efficiency of a solar cell. 
(reproduced with permission from ref. 4, copyright 1961, The American Institute of Physics). 
The bandgap of a semiconductor is the minimum energy required to excite an 
electron that is trapped in its bound state, into a free state where it can participate in 
conduction. The Shockley-Queisser limit illustrated in Figure 3 shows the maximum 
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possible efficiency of a single junction solar cell under un-concentrated sunlight, as a 
function of the semiconductor bandgap.4 The diagram shows that if the bandgap is 
too large, most daylight photons cannot be absorbed, which results in lower 
efficiency, while if the bandgap is too low, most photons have much more energy 
than necessary to excite electrons across the bandgap, in which the extra photons are 
wasted. Therefore, it is beneficial to develop light absorber materials with suitable 
bandgap which are able to capture photons over the wavelength of both visible and 
near infrared regions. 
2.3 SOLAR PHOTOVOLTAICS 
Solar photovoltaics (PVs) directly convert solar radiation to electricity through the 
excitation of electrons in a semiconductor material to generate electric current. Solar 
power has been increased rapidly with the increase in the installation capacity by 
50% per year worldwide over the last decade. The power generated by PVs reached 
almost 100 TWh in 2013. The total installed capacity of PV increased by 43%, 
reaching 29.4 GW in 2013, representing 15% of the total growth in the global power 
generation capacity (Figure 4).5 
 
Figure 4: Installed solar PV capacity by region in the New Policies Scenario. (reproduced with 
permission from ref. 5, copyright 2013, U.S. Energy Information Administration). 
The New Policies Scenario (Figure 4) is a scenario in which the World Energy 
Outlook takes account of broad policy commitments and plans that have been 
announced by countries, including national pledges to reduce greenhouse-gas 
emissions and plans to phase out fossil-energy subsidies, even if the measures to 
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implement these commitments has yet to be identified or announced. In the New 
Policies Scenario, the electricity produced from PV is predicted to be 950 TWh in 
2035 and its share of global electricity generation will increase from 0.4% to 2.6%.5 
This is underpinned by a seven-fold increase in installed solar PV capacity over the 
Outlook period, reaching 690 GW in 2035 (Figure 4). PV production is expected to 
increase faster than installed capacity, due to technical improvements and 
deployment in regions with high quality resources. Through ongoing reduction of the 
PV production cost, electricity generation costs become comparable to retail 
electricity prices in several countries, but growth of solar electricity still strongly 
depends on the support of government subsidies such as feed-in tariff.  
2.3.1 Working principles of solid state solar cells 
 
Figure 5: Diagram of a solar PV cell absorbing a photon and generating an electron-hole pair. 
Enlarged is the energy band diagram of a p-n junction 
As stated previously, a solar cell (also known as photovoltaic cell) is a device that 
converts light energy directly into electricity based on the photovoltaic effect, which 
was first observed by Alexandre-Edmond Becquerel in 1839.6 Its working principles 
as shown in Figure 5 can be divided into four steps.7 First of all, a light absorbing 
material absorbs a photon, exciting an electron in absorber material from its ground 
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state to an excited state. Second, an electron-hole charge carrier pair is generated, 
with the electron (negative charge carrier) in the conduction band and the hole 
(positive charge carrier) in the valence band (ground state). Then, the positive and 
negative charge carriers are separated and move towards opposite electrical contacts. 
After that, they travel through to reach the current collector of an external electrical 
circuit and do work at an electrical ‘load’. Finally, the negative charge carriers arrive 
back at the absorber, where they recombine with the positive charge carrier and 
return to the ground state.7  
2.3.2 Solar cells performance parameters 
 
Figure 6: Typical I-V and power curve of a solid-state solar cell. 
A solar cell can be basically regarded as a primary battery in a simple electrical 
circuit, which supplies electricity to the load (Figure 5). However, it can only be 
activated by light to supply electricity. An electrical potential difference will be 
developed between its two ends and electrical current can flow through the solar cell. 
The potential difference when the resistance of the load is infinite is defined as open 
circuit voltage, Voc. Correspondingly, the electrical current flowing in the circuit 
when the resistance of the load is zero is defined as short circuit current, Jsc. The blue 
curve shown in Figure 6 represents a typical I-V relationship of the illuminated solar 
cell when the load resistance changes from zero to infinite. The delivered power by a 
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 𝑃 = 𝐼 × 𝑉 (1) 
The P-V curve (coloured in red) in Figure 6 illustrates that P reaches a maximum 
value at a condition when the solar cell delivers the highest power to the external 
load. This condition is defined as the maximum power point which is denoted as Pm 
while the corresponding voltage and current is denoted as Vm and Im, respectively. 
The fill factor, FF, is the ratio of the maximum power that a solar cell can produce to 
a theoretical maximum power value, which is defined as  
 𝐹𝐹 =  𝐼𝑚 × 𝑉𝑚
𝐼𝑠𝑐 × 𝑉𝑜𝑐 (2) 
The vital parameter for a solar cell is the power conversion efficiency (PCE), η, 
which depicts the ability of a solar cell to convert solar energy to electrical energy. 
The PCE is given by  
 𝜂 = 𝑃𝑚
𝑃𝑖𝑛
= 𝐼𝑠𝑐 × 𝑉𝑜𝑐 × 𝐹𝐹
𝑃𝑖𝑛
 (3) 
where Pin is the power of the simulated light. 
2.3.3 First generation solar cells 
Despite the fact that the photovoltaic effect was discovered dated back in 
1839,6 the first silicon (Si) p-n junction structured PV device was developed at Bell 
laboratories in 1954. 8 The first generation of solar cell research is focused on 
crystalline silicon material due to its large availability. There are two types of first 
generation solar cells, which differ in their crystallisation levels. The whole wafer 
consisting of only one crystal is called monocrystalline solar cell, while the wafer 
that contains crystal grains is called polycrystalline solar cell. Despite Si’s 
prevalence in the market, recent PV research has been targeting other absorber 
materials for PV devices. This is due to the large quantity of silicon compulsory for 
device fabrication and the vastly fluctuating prices of Si along with the high material 
processing costs.9  
2.3.4 Second generation solar cells 
Second generation solar cells have a similar working mechanism as those of the first 
generation but use less material because of the stronger light absorption of the light 
absorber. Thus, second generation solar cells are also known as thin film solar cells, 
due to the fact that they are much thinner when compared to crystalline silicon solar 
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cells. The most commonly used thin film light absorber materials are Cu(In, Ga)Se2 
(CIGS), CdTe and amorphous silicon (a-Si). The absorber layers for CdTe and CIGS 
solar cells are typically 10 μm and 2.5 μm, which is about 100 times less than the 
material used in silicon based solar cells.10, 11 CIGS and CdTe have achieved cell 
efficiency of 20.4% and 19.6%,12 approaching to the record efficiency of 
monocrystalline silicon (25.0%). However, the low availability of In, Ga, and Te rare 
metals has reflected a higher cost of production. The world trading price of In and Ga 
is around $700/Kg and $1700/Kg at their peak demand, which imposes a serious 
concern on the production scale of PV technologies using these materials.  Presently, 
CIGS and CdTe based PV devices have the second largest market share, accounting 
for around 10 - 15% after Si solar cells.  
2.3.5 Third generation solar cells 
Third generation solar cells are solar cells that have the feature of high power 
conversion efficiency and low cost. Therefore, abundance, availability of materials 
and the ease of processing for device fabrication become very important as they 
largely determine the production cost. Various advanced technologies and cutting-
edge materials have been exploited for 3rd generation solar cells. For example, 
solution-processed PV devices such as sensitised solar cells (SSCs), Cu2ZnSnS4 
(CZTS) and polymer organic solar cells hold much promise owing to low cost 
fabrication. In particular, CZTS is considered as one of the most promising light 
absorber materials for the next generation thin film PV, owing to the low raw 
material cost and toxicity. It is expected to have a very promising future, although 
most of the work is still in the laboratory or testing stage.  
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2.4 THE NOVEL MATERIAL: CZTS 
 
Figure 7: Natural abundance (upper part of figure) and 2007 prices of raw elemental materials (lower 
part of figure) for thin film PV (reproduced with permission from ref. 13, copyright 2008, John Wiley 
& Sons).  
Copper chalcogenide semiconductors have attracted an enormous attention in the 
past, due to their great potential for applications in various fields, such as 
photovoltaics (PV), photocatalysis, solid state light emitting diodes (LEDs) and 
biomedical labelling.13, 14 Copper-based quaternary compounds such as Cu2ZnSnS4 
have drawn particular interest, because of their high optical absorption coefficient, 
good photostability, low-cost and desirable direct bandgaps. CZTS is considered as 
an alternative light absorbing material to CIGS and CdTe, due to the fact that the 
production cost of PVs can be further reduced and the limitations in production scale 
can be overcome.15 CZTS only consists of naturally abundant, inexpensive and 
environmentally benign elements: copper (Cu), zinc (Zn), tin (Sn) and sulphur (S). 
The abundance of zinc (Zn) and tin (Sn) are 1500 times and 45 times greater than 
that of indium (ln) and gallium (Ga), which leads to a much lower price per kg. 16, 17  
Ph.D. Thesis – Queensland University of Technology                                                              V. T. Tiong 
 
16     
2.4.1 Properties of CZTS 
 
Figure 8: Relationship between group II-VI, I-III-VI and I-II-IV-VI semiconductors. 
Cu2ZnSnS4, is a I-II-IV-VI chalcogenide compound, which consists of at least one 
chalcogen (sulphides) and at least one more electropositive element. Multi-ternary 
chalcogenide semiconductors can be formed by taking binary compounds and cross-
substituting to form ternary and quaternary systems.18 The electronic and physical 
properties of CZTS are more readily modified compared to binary semiconductors, 
which enables their wide application. The origin of this flexibility lies in its unique 
structural properties. This breeding process can be used to tune the structural and 
electronic properties such as lattice constant and bandgap, with traditional III-V 
semiconductor alloys.19 The zinc-blende (or sphalerite)-related structures adopted by 
these compounds depend on the degree and type of metal cation ordering within the 
face-centered cubic (fcc) array of chalcogenide anions.20 One way of observing these 
structures is by looking at the ternary chalcopyrite structure, I-III-VI2 and replacing 
the trivalent ions with an equal number of divalent II and tetravalent IV metals 
(Figure 8). When the location of the metals is such that Cu and IV atoms alternate on 
z = 0 and 1
2
 (z = fractional coordinate along the long c-axis of the structure) planes 




 planes, this is known as the kesterite 
structure (Figure 9). As for the stannite structure, II and IV atoms alternate on the z = 
0 and 1
2




 planes. Literature also shows 
that kesterite structure (𝐼4�) of CZTS is recognized to be the most stable phase due to 
the lower formation energy compared to stannite.21, 22 
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Figure 9: Illustration of the structural derivation from binary ZnS to quaternary CZTS crystals. 
Models of zinc-blended and wurtzite ZnS structures are taken from ref. 23 with permission, yellow 
spheres stand for S and blue spheres stand for Zn. 
The structure of CZTS has been examined by single crystal X-ray and neutron 
diffraction analysis. Earlier studies have classified CZTS crystal structure as 
stannites. However, first-principle calculations show that stannite crystal energy is 
only 2.86 meV/atom higher than kesterite structure, suggesting that both forms can 
coexist.23-25 The near random ordering of Cu and Zn atoms may lead to 
misidentification of the structure.25-27 Recently, CZTS has been synthesised with 
wurtzite and orthorhombic structures.28-30 However, both structures are metastable 
and they can transform into a kesterite structure through annealing at a high 
temperature. 
In principle, the electronic structure of CZTS can be derived from their binary 
analogue ZnS, where the band structure at the Γ-point is determined by the sp-
hybridized orbitals.31 The electronic structure of valence band maximum (VBM) is 
derived from the hybridization of Cu-d and S or Se-p states, while the conduction 
band minimum (CBM) is mainly from the hybridization of Sn s and S or Se p states 
due to the lower s orbital energy of Sn ions.26 The schematic illustration for the band 
structure difference of ZnS and CZTS is shown in Figure 10. The calculated density 
of states (DOS) of CZTS is shown in Figure 11, which describes their difference in 
electronic structures.26, 32 
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Figure 10: Schematic picture of VB and CB states in ZnS and CZTS semiconductors. 
 
Figure 11: Atomic resolved DOS of CZTS bulks (reproduced with permission from ref. 26, copyright 
2010, American Institute of Physics). 
Table 2: Calculated bandgaps, valence band edges and conduction band edges (relative to vacuum) 
for sulphide and selenide kesterite. (reproduced with permission from ref. 35, copyright 2011, 
Cambridge University Press). 
Material Eg (eV) Ev (eV) Ec (eV) 
CZTS (kesterite) 1.50 -5.71 -4.21 
CZTSe (kesterite) 1.00 -5.56 -4.56 
 
As a direct bandgap material, CZTS has the optimal bandgap of 1.5 eV for 
application in solar cells and high optical absorption (absorption coefficient >104 cm-
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1).33, 34 It also has the additional advantage of being adaptable to solid-state, 
electrochemical and chemical-solution based growth techniques, which can be used 
to tune the material’s morphology, stoichiometry and intrinsic p-type conductivity.17 
The bandgap, along with CBM and VBM values, has been calculated for the 
naturally stable CZTS and CZTSe structures as shown in (Table 2).35 Based on the 
results, the bandgap of selenide compound is around 0.5 eV narrower than the 
sulphide analogues.  
2.4.2 Possible Defect of CZTS 
 
Figure 12: Phase diagram of Cu2S-SnS2-ZnS system (reprinted with permission from ref. 38, 
copyright 2004, Elsevier). 
Defects are relatively low in large grain, stoichiometric CZTS materials. However, 
Cu-poor and Zn-rich conditions are often used in experiments to achieve better solar 
cells performance.36, 37 Under these conditions, a large variety of intrinsic defects 
and/or precipitates of other phases can be formed, which have crucial influence on 
their optical and electrical properties, and hence their photovoltaic performance. 
Therefore, defect formation and phase stability of CZTS are important factors to 
consider when synthesising high quality CZTS materials, to yield higher efficiency 
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CZTS solar cells.38 Defect physics/chemistry plays an essential role in determining 
the electrical property of semiconductor materials.39 Studies show that there are two 
ways that CZTS can be made from a solid state chemical reaction: (i) reaction 
between ternary Cu2SnS3 and ZnS; (ii) reaction of Cu2S-SnS2-ZnS without the 
intermediate compound Cu2SnS3.40 Several computational techniques such as density 
functional theory (DFT) based on first principal pseudo-potential calculations have 
been employed to study the lattice dynamics and thermodynamics stability of the 
quaternary compound.41 The investigation on the phase diagram of the Cu2S-SnS-
ZnS system (Figure 12) has shown that a single phase CZTS material can be formed 
only in a very narrow region and binary and ternary impurities such as CuxS, ZnS, 
SnSx, and CuxSnSy compounds are easier to form than CZTS. Therefore, it is very 
challenging to synthesise pure phase CZTS crystals. It has been reported that CZTS 
materials which are Zn-rich and Cu-poor are more favourable for fabrication of high-
efficiency CZTS thin film solar cells.34 However, the narrow chemical potential 
range is limited by the various competing secondary compounds. For example, ZnS 
is likely to coexist in the CZTS compound, synthesised with lower Cu/(Zn+Sn) ratio 
and higher Zn/Sn ratios. The presence of various secondary compounds leads to the 
inhomogeneity, which contributes to the comparatively low efficiencies.  
Theoretical calculations have also predicted the defect formation energies of CZTS 
materials. Defect formation energies depend on chemical potential of constituent 
elements and on the Fermi level. Previous investigations show that with the lowest 
energy of formation, the dominant intrinsic defect in stoichiometric CZTS materials 
is the p-type CuZn antisite defect.42 Its ionisation level is deeper than that of VCu, but 
its high population can still produce a significant hole concentration, determining the 
intrinsic p-type conductivity and making n-type doping difficult. Chen et al also 
reported that Cu vacancy and defect pairs such as [VCu + ZnCu], [CuZn + ZnCu], and 
[ZnSn + SnZn] are easily formed under Cu-poor and Zn-rich conditions. Under Cu 
poor and Zn rich conditions (Cu/(Zn+Sn) ≈ 0.8), VCu becomes dominant and 
contributes to p-type conductivity, which reflects the situation in the solar cells with 
low Cu/(Zn+Sn) ratio and high efficiency. The frequently observed non-
stoichiometry in the quaternary kesterite results from the facile formation of self-
compensated defect clusters, such as [VCu + ZnCu], [ZnSn + 2ZnCu], and [2CuZn + 
SnZn].43  [2CuZn + SnZn] clusters induce electron-trapping states in the absorber 
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materials, and are thus detrimental to the solar cell performance. Their facile 
formation and high population even in the near-stoichiometric CZTS sample 
degrades the efficiency of the solar cells with Cu/(Zn+Sn) and Zn/Sn ratios near 
unity, so a rather Zn rich and Cu, Sn poor condition is required to prevent its 
formation and improve the solar cell performance. This explains the observation that 
the Cu poor and Zn rich condition is crucial for high solar cell efficiency. Nagoya et 
al also calculated the formation energies of Cu and Zn vacancies and antisite defects 
such as CuZn, ZnCu, CuSn and ZnSn.44 They reported that under the prevalent 
experimental Cu-poor and Zn-rich growth conditions, ZnS is the easiest impurity to 
form and CuZn is the most stable defect in the entire stability range of CZTS.  
2.5 CZTS SYNTHESIS AND THIN FILM DEPOSITION TECHNIQUES 
Table 3: Characteristic parameters of the current best efficiency CZTS based thin films solar cells 
deposited by various methods. 
Method Material 𝜂 (%) Voc (V) 
Jsc 
(mA/cm2) FF Ref. 
RF magnetron sputtering CZTS 6.77 0.61 17.9 0.62 36 
Thermal-evaporation CZTS 8.4 0.661 19.5 0.658 54 
Pulsed laser deposition CZTS 3.14 0.651 8.76 0.55 58 
Chemical Vapour deposition CZTS 6.03 0.658 16.5 0.55 56 
Spray pyrolysis CZTS 4.32 0.62 15.5 0.45 64 
Electrochemical deposition CZTS 7.3 0.567 22 0.581 68 
Hot injection CZTSSe 7.2 0.42 30.4 0.527 81 
Hydrazine CZTSSe 12.6 0.513 35.2 0.698 77 
 
The complex reactions involved in the multinary Cu-Zn-Sn-S system, which is 
controlled by the Gibbs formation energy and the volatility of Zn and Sn, are the key 
barriers toward a reliable and low-cost process.20, 45 Despite facing these challenges, 
a range of successful film deposition and device fabrication techniques have been 
demonstrated for CZTS using both vacuum-based and solution-based deposition 
approaches. Table 3 shows the best efficiency CZTS solar cells made by different 
methods. The reported efficiency of the CZTSSe based, photovoltaic device has 
reached 12.6% up to date. This was achieved by using a hydrazine based solution 
method and the CZTS was doped with Se. However the theoretical efficiency of 
CZTS is around 31-33% for a single-junction device, according to the Shockley-
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Queisser photon balance calculation.46 Therefore, more effort is needed to improve 
the device efficiency. 
2.5.1 Vacuum-based deposition approaches 
The vacuum-based deposition approaches mainly involve thin film deposition using 
sputtering and evaporation. CZTS thin films are typically fabricated at high 
temperature from stacks of metals, metal sulphides, or a combination of the two. 
These deposition techniques have been widely employed in thin film solar cells, as 
they are capable of delivering timed elemental fluxes while providing a good 
opportunity to fabricate high uniformity, good quality thin-film devices.  
2.5.1.1 Sputtering 
The first CZTS thin films were prepared by Ito and Nakazawa in 1988 by employing 
an atom beam sputtering method.47 They reported CZTS-cadmium tin oxide 
heterojunction based devices using CZTS with bandgap of 1.45 eV. However, no 
efficiency data of these devices were provided, although a Voc of 165 mV was 
demonstrated. The most successful sputtering route to fabrication of CZTS devices 
has been developed by Professor Katagiri’s group. Using RF co-sputtering of Cu and 
binary SnS and ZnS materials in H2S atmosphere, a 5.74% efficient solar cell was 
demonstrated in 2007.48 By soaking the absorber in deionised water prior to CdS 
deposition, this resulted in preferential etching of surface oxide contamination, which 
is believed to lead to improvement in the FF and Jsc of the device due to decreased 
series resistance.36 This development has led to the current record performance of 
sputtered CZTS devices with 6.77% efficiency. Katagiri et al. also reported that the 
best composition range of Zn/Sn and Cu/(Zn+Sn) ratio was around 1.25 and 0.9, 
respectively, through investigating the effect of different elemental ratios in CZTS on 
device performance.49 In addition, lower H2S concentration used in the annealing 
process was suggested to reduce the wear of the sulphurisation chamber as H2S 
concentration was found to have little effect on device properties. 
2.5.1.2 Evaporation 
Evaporation was the principal deposition technique used in the early work on 
preparing CZTS thin films.50 The first functional evaporated CZTS device with 
0.66% PCE was reported by Katagiri et al. in 1997 by sulphurisation of a stack of 
Cu/Sn/Zn in a N2 + H2S (5%) atmosphere at 500 °C.51 Further refinements of the 
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sequential evaporation and reactive annealing approach included the introduction of 
ZnS, as opposed to Zn, for the bottom precursor metal layer and increase in the 
substrate temperature to 400 °C during precursor layer deposition. This has led to 
improved device performance with 2.62% efficiency.34 Further optimization of the 
annealing chamber, and deposition of CdS, and doping CZTS films with Na resulted 
in solar cells with 5.45% efficiency.52 
In 2010, researchers in IBM fabricated CZTS films through co-evaporation from Cu, 
Zn, Sn and S sources on a relatively low (110 °C) substrate temperature, followed by  
annealing on a hot plate at 540 °C for a few minutes. This method yields a pure 
CZTS thin film solar cell with 6.8% efficiency (Voc, Jsc and FF of 587 mV, 17.8 
mA/cm2 and 65%, respectively).53 A slight modification in the thermal treatment 
procedure by increasing the substrate temperature to 150 °C and a post-deposition 
annealing at 570 °C for 5 mins have led to an up-to-date, highest performance co-
evaporated CZTS solar cell with 8.4% efficiency (Voc = 661 mV, Jsc = 19.5 mA/cm2, 
FF = 65.8%).54  
2.5.1.3 Chemical vapour deposition (CVD) 
Aerosol assisted CVD was first employed by Ramasamy et al. to fabricate CZTS thin 
film which used a toluene solution containing diethyldithiocarbamate complexes of 
Cu, Zn and an alkyl derivative of Sn.55 The three complexes were found to 
decompose at 280 - 300 °C to form single phase CZTS. Washio et al. have 
introduced an open atmosphere CVD to synthesise CZTS thin film using 
Cu(C5H7O2)2, Zn(C5H7O2)2, Sn(C5H7O2)2, followed by sulphurisation of the oxide 
thin films in an N2 + H2S (5%) atmosphere at 520 - 560 °C for 3 hrs.56 The 
sulphurised CZT(S,O) film exhibited optical bandgap energy of 1.57 eV. Although 
oxygen was found in the film even after sulphurisation process, the fabricated 
devices yielded a PCE of 6.03%. 
2.5.1.4 Pulsed laser deposition (PLD) 
The first PLD-based CZTS solar cell was fabricated by employing KrF laser pulses 
to ablate a CZTS target with the substrate maintained at room temperature during the 
deposition, followed by post annealing in N2 atmosphere for an hour. The 500 °C 
annealed films gave 1.74% efficient solar cells.57 Using the similar film deposition 
method and tuning the annealing condition by heating the films in a N2 + H2S (5%) 
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atmosphere at 400 °C for an hour, the CZTS devices’ efficiency were further 
improved to 3.14%.58 
2.5.2 Non vacuum-based deposition approaches 
Although vacuum-based deposition approaches provide a good opportunity to 
fabricate high quality thin-film devices, they normally undergo relatively large 
consumption of energy, long deposition and annealing time, suffer from low material 
utilisation and the issue of element volatility.59 Hence, non-vacuum based 
approaches are preferable, to reduce the production cost and have the potential to 
produce photovoltaic devices on a large scale.20 These approaches including 
electrodeposition, spray pyrolysis, sol-gel spin coating, hot injection, and 
solvothermal and hydrothermal have been extensively explored to synthesize CZTS 
thin films. 
2.5.2.1 Spray pyrolysis 
Spray pyrolysis was one of the earliest methods used to prepare CZTS under non-
vacuum conditions. In this approach, CZTS thin films were prepared by spraying an 
aqueous solution of metal chlorides and thiourea in deionised water onto heated glass 
substrates at 280 - 360 °C.60 CuxS (x = 1 - 2) was found in Cu-rich films whereas Zn-
poor films contained a Cu2SnS3 impurity. Thermal deposition of related thiourea-
metal halide complexes was further investigated by Madarász et al. while Kumar et 
al. produced a single phase CZTS without post-annealing process, through 
modification of the precursor concentration and using a substrate temperature of 370 
°C.61, 62 In a recent report, an aqueous solution that contains stannic chloride has been 
found to be able to yield larger grains and better crystallinity of CZTS than the 
solution containing stannous chloride.63 Htay et al. have discovered that a 
CZTS/ZnO heterojunction structured solar cell generates larger Voc but lower Jsc as 
compared to a CZTS/CdS structured solar cell due to the wider bandgap of ZnO, 
which induces a higher built-in potential.64 The authors also reported that the decease 
of Jsc could be related to the recombination of minority carriers at CZTS/ZnO 
interface. The CZTS/ZnO based structure yielded 4.29% efficient device while 
CZTS/CdS device yielded an efficiency of 4.32%.  
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2.5.2.2 Electrochemical deposition  
CZTS synthesised by electrodeposition was firstly reported by sulphurising a metal 
stack of Zn/Sn/Cu (Cu on bottom) layers in an argon atmosphere at 550 °C for 2 hrs, 
leading to a PCE of 0.8%.17 The low efficiency was found to be attributed to a high 
series resistance (10 Ω cm2) and high shunt conductance of 7 mS cm-2 in the dark (20 
mS cm-2 under AM 1.5 conditions), as well as substantial recombination in the space 
charge region. A further improvement in the device performance was obtained by 
changing the sequence of metal stacks and improving the homogeneity of the 
electrodeposited film using a rotating disc electrode as well, as etching the film by 
potassium cyanide (KCN) to remove impurities. This has led to the energy 
conversion efficiency of the solar cell to 3.2%.65 Co-electrodeposition of Cu-Zn-Sn 
films followed by the sulphurisation method has been reported by Araki et al. A 
slightly Zn-rich film yielded a 3.16% efficiency with the CZTS device.66  It is worth 
noting that no phase separation was observed in the co-electrodeposited film after the 
annealing process. A 3.4% efficiency solar cell was fabricated through a similar 
electrodeposition process but with an optimised annealing process by heating Cu-Zn-
Sn films in Ar + H2S (5%) atmosphere for 8 hrs. 67 An electrodeposited CZTS solar 
cell with 7.3% efficiency was recently reported by Ahmed et al.68 In this report, a 
two-step annealing process was proposed: (i) low temperature annealing at 210-350 
°C to form a uniform alloy, followed by (ii) a high temperature annealing at 585 °C 
in a sulphur rich environment for 15 mins. The champion device had a Voc, Jsc and 
FF of 567 mV, 22 mA/cm2, 58.1%, respectively. The low fill factor was suspected to 
be due to the high resistance at the back contact, arising from the MoS2 formed 
during the sulphurisation step.   
2.5.2.3 Sol-gel based approaches 
A sol-gel based synthesis of CZTS thin films was reported in 2007.69 Metal acetate 
and chloride sources, and 2-methoxyethanol and monoethanolamine were used as the 
solvent and stabiliser in the sol-gel synthesis, respectively. The films were made by 
spin-coating the sol-gel solution and drying them in the air at 300 °C. Then they were 
sulphurised at 500 °C in a N2 + H2S (5%) atmosphere for 1 h. The resulting films had 
a nearly stoichiometric composition with bandgap of 1.49 eV. Using a similar sol-gel 
approach, a device with a structure of soda lime glass 
(SLG)/Mo/CZTS/CdS/Al:ZnO/Al yielded 1.01% PCE.70 By varying the ratio of 
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Cu/(Zn+Sn) and Zn/Sn to 0.8 and 1.15, respectively, the solar cell efficiency was 
improved to 2.03%.71 In later reports, the same group has indicated that annealing at 
higher than 450 °C and with H2S concentration of 3% is preferable for larger grain 
growth.72, 73 
In 2010, IBM T. J. Watson Research Center developed an approach to make CZTSSe 
ink from a dissolved metal sulphide and metal selenide in hydrazine solution. In this 
approach, the dissolved components acted as binders which eliminated the need for 
an organic binding agent and the solid particles acted as stress relief centers, which 
prevented film cracking. Spin coating of the developed slurries to make films 
followed by a short heat treatment at 540 °C led to the formation of a CZTSSe film 
with a uniform single phase and good grain structure. CZTSSe devices based on 
SLG/Mo/CZTSSe/CdS/ZnO/ITO structure have been fabricated with PCE of 
9.66%.74 The device efficiency was later improved to 10.1% in 2011, 11.1% in 2012 
by improving device characteristics (larger grain size and void reduction, leading to 
higher fill factor and short circuit current) and 12.6% in 2013 by modifying the 
device architecture (thinner CdS and transparent-conducting layers).37, 75-77  
2.5.2.4 Nanocrystal based approaches 
CZTS nanocrystal (NC) inks were first developed in 2009 by three different research 
groups within a short span of time.78-80 The NCs were synthesised through hot 
injection method whereby the material formation involved nucleation and growth of 
NCs via the reaction between oleylamine-metal salts complexes and oleylamine-
sulphur complex at a suitable temperature in the range of 160-250 oC. The 
synthesised NCs bandgap was reported to be around 1.5 eV. A 7.2% efficiency 
CZTSSe thin film PV device was reported by doctor-blading the slurry containing 
the synthesised CZTS NCs, which were dispersed in hexanethiol followed by 
selenisation at 500 °C for 20 mins.81 Although large grains of CZTSSe layer were 
formed in this approach, a carbon-rich layer at the CZTSSe/Mo interface was 
detected, which was responsible for the limiting efficiency of the solar cell devices.  
Shi et al. have reported template directed synthesis of CZTS and CZTSe nanowires 
with length of several micrometers and average diameter of 200 nm via solvothermal 
method.82 Flower-like CZTS particles have been prepared using ethylene glycol and 
polyvinylpyrrolidone (PVP) as precursor solution and capping agent, respectively.83 
Detailed influencing factor and growth mechanism have been investigated and 
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proposed. Wurtzite phase CZTS nanoprisms and nanoplates were firstly reported by 
Lu et al. by replacing the commonly used oleylamine with dodecanethiol as the 
capping agent.28 The NCs were reported to have a bandgap of 1.4 eV. Wurtzite 
CZTS nanorods with an diameter of 11 nm and length of 35 nm were synthesised by 
Singh et al. using a mixture of dodecanethiol and tert-dodecyl mercaptan as the 
capping agent.30 The nanorods were assembled into perpendicularly aligned arrays 
by controlled evaporation from the solution. Tian et al. fabricated CZTS thin film 
solar cells on molybdenum (Mo) coated aluminium (Al) flexible substrate through a 
roll-to-roll printing technique, using CZTS NCs dispersed in ethanol. The devices 
yield PCE of 1.94% using a cadmium (Cd) free window layer.84 In addition, CZTSSe 
has also been applied as the counter electrode for dye-sensitised solar cells (DSSC), 
which resulted in a higher device efficiency of 7.37% as compared to the standard 
DSSC (PCE = 7.04%), which uses platinum (Pt) as the counter electrodes.85  
2.6 HYDROTHERMAL SYNTHESIS 
Although the hydrazine method has been successfully used to fabricate high 
efficiency CZTS solar cells, it is not suitable for large scale fabrication due to the 
need to perform the preparation and spin coating of the hydrazine solution in a 
nitrogen-filled glove box to avoid the danger of the reaction (nitrogen can lead to 
quick asphyxiation).74 Therefore, a cost-effective, scalable, and environmentally 
friendly synthesis and device fabrication method is needed in order to further reduce 
the production cost. Hydrothermal and solvothermal methods have been developed to 
prepare CZTS nanoparticles. The hydrothermal method is defined as a method that 
uses water as a solvent in a sealed reaction container when the temperature is raised 
above 100 °C, while a solvothermal method uses an organic solvent in the precursor 
solution.86 The organic solvents such as ethylene glycol and oleylamine used in the 
solvothermal method are toxic and harmful to the environment. Thus, it is desirable 
to develop a suitable hydrothermal method for fabrication of CZTS material, because 
of its low environmental impact.  
Ph.D. Thesis – Queensland University of Technology                                                              V. T. Tiong 
 
28     
2.6.1 Hydrothermal chemistry 
 
Figure 13: A schematic diagram of hydrothermal synthesis setup. 
In 1845, Schafhäutl was the first to use the hydrothermal method to grow quartz 
microcrystals upon transformation of freshly precipitated silicic acid in a Papin’s 
digestor.87 The introduction of hydrothermal synthesis in its modern form into 
geological science is ascribed to Sénarmont, who synthesized crystals of various 
minerals such as carbonates, sulphates, sulphides and fluorides. Since then, the 
hydrothermal method has been widely used in the production of inorganic solids and 
crystals.  
Hydrothermal synthesis is usually undertaken in an autoclave, normally consisting of 
a stainless steel shell with a Teflon liner as shown in Figure 13. The function of an 
autoclave is to withstand the internal pressures developed during the hydrothermal 
process, while the inert liner is used to protect the stainless steel outer shell from the 
corrosive reagents used in material synthesis.86 Better designed autoclaves employ a 
spring between the stainless steel lid and Teflon container, to improve hydrothermal 
reaction safety. The flexible spring plays the role of releasing pressure if the 
generated pressure inside the reaction container (Teflon liner) is over the sustainable 
limit of the autoclave, thus reducing the risk of explosion.  
Under hydrothermal conditions, the pressure within the sealed reaction container is 
found to increase dramatically with temperature. A number of fundamental 
properties of water are greatly affected by pressure and temperature. For example, 
the viscosity of water decreases with increasing temperature. At lowered viscosity of 
water, it may be envisaged that the mobility of dissolved species (ions and molecules) 
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Likewise, the dielectric constant of water is affected by temperature and pressure, 
and is considerably reduced above the critical point (Figure 14). This can have a 
major impact on the solubility of solid reagents under such reaction conditions.    
 
Figure 14: Variation of the dielectric constant of water with temperature and pressure. The point is 
the critical point of water (reprinted with permission from ref. 88, copyright 1981, Elsevier Ltd). 
  
Figure 15: Pressure as a function of temperature and percentage fill of water in a sealed vessel 
(reprinted with permission from ref. 86, copyright 2002, Royal Society of Chemistry). 
The pressure developed inside a sealed reaction vessel depends on the filling 
percentage of water in the container and the reaction temperature. This is the main 
practical consideration for a hydrothermal synthesis approach, because 
overwhelming internal pressure beyond the sustainable limit of the shell of the 
reactor may lead to an explosive catastrophe. Figure 15 demonstrates the dependence 
of the internal pressure on the filling percentage of the reaction vessel. Apparently, 
the higher the fill percentage of the liquid is in the reactor, the faster the increase of 
the internal pressure is at the same reaction temperature. The internal pressure 
generated inside the reaction container can be controlled by altering the temperature 
and/or the volume of water used. Due to the interest in industrial and geological 
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significance, the reactivity of inorganic solids in hydrothermal conditions has been 
extensively studied. For example, it has been found that the solubility of metal oxides, 
TiO2 at pH 10.5 under conditions of elevated pressure and temperatures from 100 °C 
to 300 °C can increase by two orders of magnitude under hydrothermal reaction.88  
The main benefit of the hydrothermal synthesis method is that the method facilitates 
homogenous nucleation and growth conditions for a broad range of inorganic 
compounds using an environmentally friendly solvent, water in the reaction system. 
From the standpoint of chalcogenides powder (metal sulphides and selenides) 
production, there are less time and energy consuming processing steps since 
crystalline phases are formed in a hydrothermal reaction at relatively low 
temperature (100 - 250 °C). Thus, the simple equipment setup combined with low 
reaction temperature makes this method a cost effective alternative to many 
expensive physical methods. In addition, the crystalline products do not require any 
further heat treatment, while other low-temperature methods such as the sol-gel 
method, normally give amorphous products that require a post-annealing treatment in 
order to obtain good crystallinity.89  
At low reaction temperatures, the fully sealed solution in hydrothermal synthesis 
possesses the advantage of good material composition control in the final product 
over other high temperature processes. Moreover, the ability to precipitate 
crystallised powders directly from solution regulates the rate and uniformity of the 
materials’ nucleation, growth and aging. This can lead to improved control of the 
size and morphology of crystallites and significantly reduce the aggregation of 
materials, which otherwise cannot be made with other synthesis processes. The 
elimination or reduction of aggregates combined with narrow particle size 
distributions leads to optimised properties of the hydrothermal synthesized materials. 
A precise control of crystal morphology and growth can also be achieved by the 
hydrothermal method. For instance, initial crystals with well-developed shapes and 
preferred crystallographic growth orientation can be tuned to form single crystal 
materials with anisotropic properties.  
2.6.2 Hydrothermal synthesis of chalcogenides 
Hydrothermal synthesis is commonly used to prepare metal oxides because metal 
powders are easily oxidised under hydrothermal conditions. Water serves as the 
reactor especially for oxide nanomaterials. However, in some other cases, water is 
Chapter 3: Polyacrylic Acid Assisted Synthesis of Cu2ZnSnS4 by Hydrothermal Method 
 31 
commonly avoided in the synthesis of pnictides, chalcogenides and other non-oxides 
species due to the prompt hydrolysis of their metallic precursors. Therefore, a better 
hydrothermal strategy is crucial in synthesising non-oxide products. 
By mixing water with a considerable amount of organic solvent, the hydrothermal 
system is capable of producing a wider range of high purity non-oxide materials. As 
a modification of the hydrothermal synthesis method, the process in mixed solvents 
shows attractive effects in terms of controlling the morphology of materials. It is 
believed that the physical and chemical properties of the mixed solvent can be tuned 
by varying the ratios of the two components, which influences the solubility, 
reactivity, and diffusion behaviour of the reagents and the intermediates. In fact, in 
many cases, the organic solvent acts as a chelating agent for the solvated metal 
cations, which alter the growth of the crystals. Moreover, the organics in the mixed 
solvent may also act as a surfactant or capping agent to restrict the primary crystals’ 
growth in all directions, thus being able to create final products with different shapes.  
ZnS and CdS have been hydrothermally synthesised by adding polyvinyl alcohol 
(PVA) into the precursor solution.90 In a similar hydrothermal route, flower-like SnS2 
microspheres have been produced by using polyethylene glycol 200 as the solvent 
and template.91 One-dimensional CuS microstructures of assembled chains and rods 
have been prepared using the polyvinylpyrrolidone (PVP) assisted microwave 
hydrothermal method.92 On the other hand, a thioglycolic acid (TGA) assisted 
hydrothermal process has been developed to synthesise submicron-sized CuS hollow 
spheres.93 Through the introduction of tartaric acid to the precursor solution, Zhang 
et al. managed to grow wedgelike CdIn2S4 nanocrystals on fluorine-doped tin oxide 
(FTO) substrates at a low reaction temperature of 160 °C.94 Zhou et al. reported the 
synthesis of high crystalline CdIn2S4 nanosheets with cubic spinel phase in the 
mercaptoacetic acid-assisted hydrothermal reaction.95 An inorganic sulphur source, 
sodium sulphide rather than an organic sulphur source, was employed in the reaction 
system, which was hydrothermally treated at 180 °C for 12 h. In the presence of 
cetyltrimethylammonium bromide (CTAB) surfactant, chalcostibite (CuSbS2) 
nanorods were hydrothermally prepared through the reaction between CuCl, SbCl3, 
and thiourea at 150 °C for 12 h.96 The surfactant concentration was found to be a key 
influencing factor for the quality (size and shape) of the final products.  
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Although most sulphides and selenides are kinetically stable at room temperature 
with respect to the oxides, the formation of either SO2 or SeO2 in solid state reactions 
at an elevated temperature is entropically favourable. As a consequence, the 
formation of metal oxide is favourable rather than the desired chalcogenide. This 
situation leads to difficulty in the synthesis of solid chalcogenides, especially ternary 
and quaternary chalcogenides. Nevertheless, numerous examples of successful 
synthesis of chalcogenides have been reported. 
A series of CuMIIIS2 (MIII = Ga3+, In3+) semiconductors have been prepared from 
CuCl or CuCl2 starting materials with elemental Ga or In, by a hydrothermal method 
using different sulphur sources (S powders, CS2 and thiourea). Lu et al. have 
reported synthesis of CuInS2 (CIS) and CuGaS2 (CGS) nanoparticles sizing 5 - 15 
nm and 35 nm with a certain degree of agglomeration.97 They proposed a one-step 
disproportionation mechanism for the synthesis of nanocrystalline CIS and CGS. In 
the system where CuCl, In or Ga, and S powders are employed, the 
disproportionation reaction of CuCl and S induced the oxidisation of In or Ga to 
produce CIS and CGS. In a separate report, Xiao et al. prepared well-defined CIS 
nanorods with 20 - 25 nm in diameter and 400 - 450 nm in length through a 
hydrothermal reaction of CuCl2, In, CS2, and NaOH at 180 °C for 15 h.98 The 
reaction temperature was an important factor in this approach. Liquid indium was 
found to play an important role in the formation of CIS nanorods. Recently, Zhang et 
al. have hydrothermally prepared CIS hollow microspheres at 160 °C with a much 
shorter reaction duration (2 h).99 Nitrate salts and a thiourea based sulphur source in 
aqueous solution were used in the hydrothermal reaction system. The formation of 
the unique CIS microspheres was attributed to oriented aggregation and Ostwald 
ripening mechanism. A self-template function was created by the gas bubbles of H2S, 
NH3 or CO2 that were produced during the hydrothermal reaction.  
Cu2FeSnS4 flaky and well-dispersed Cu2CoSnS4 nanoparticles were successfully 
prepared by hydrothermal reaction route at 220 °C using CuCl2·2H2O, FeCl3·3H2O 
or CoCl2·2H2O, SnCl4·5H2O  and thiourea as the starting materials.100 The reaction 
temperature above 220 °C was required for the synthesis of pure Cu2FeSnS4 and 
Cu2CoSnS4 products. In a similar experiment, Gui et al. reported the synthesis of 
nanocrystalline Cu2FeSnS4 using a Cu-thiourea colloidal precursor cooperative 
conversion route at a low temperature.101 Without Cu-thiourea complexes, only a 
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mixture of binary products such as CuSx, SnS2, SnS, and FeS has been obtained in 
the final product. 
2.6.2.1 Hydrothermal synthesis of CZTS 
Hydrothermal synthesis of CZTS nanocrystals was firstly reported by Wang et al. by 
dissolving copper (I) chloride (CuCl), zinc chloride (ZnCl2), tin (IV) chloride 
pentahydrate (SnCl4·5H2O) and thiourea in water followed by hydrothermal 
treatment at 200 °C for 30 h.102 Agglomerate plate-like nanocrystals with average 
diameters ranging from 5 - 7 nm were observed. The bandgap of the material was 
found to be 1.7 eV. Binary products such as ZnS and SnS2 were found in the 
hydrothermal product when the reaction temperature and duration were reduced. 
They concluded that a reaction temperature above 200 °C was necessary to produce 
CZTS without impurities. However, Verma et al. used lower reaction temperature 
(180 °C) and duration (16 h) in a hydrothermal synthesis to produce pure phase 
CZTS material.103 They have also suggested that the hydrothermal method is a better 
route to yield pure phase CZTS compared to the solvothermal synthesis approach, 
which uses ethylenediamine (EN) as solvent in the precursor solution. A growth 
mechanism has been proposed in this work.103 Metal ions are suspected to complex 
with thiourea to form metal-thiourea complexes prior to hydrothermal reaction. 
During the hydrothermal treatment, hydrogen sulphide (H2S) is produced through 
decomposition of thiourea, which then acts as the sulphur source for the formation of 
binary sulphide products. The reaction of the binary sulphides leads to the formation 
of CZTS.  
Through the introduction of ethylenediamine (EN) (volume ratio of EN : water = 1 : 
9) in water, Liu et al. managed to synthesise CZTS nanoparticles. 104 In their 
experiment, hydrothermal treatment was carried out at 180 °C for 24 h and thiourea 
was used as the sulphur source. However, the XRD pattern shows impurities in the 
final product which were not identified by the authors. Irregular sphere shape and 
nearly monodispersed CZTS nanocrystals with sizes in the range of 5 ± 0.5 nm were 
resolved using TEM. The same group has also reported bandgap tuneable 
hydrotropic CZTS nanocrystals by employing the same precursor solution and 
hydrothermal treatment.105 CZTS nanocrystal size was found to vary from 3 - 10.5 
nm when the reaction duration was extended from 6 - 48 h. Peak broadening and 
blue shift (~2 cm-1) in the Raman scattering spectrum of the CZTS nanocrystals were 
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detected when the size of the nanocrystals decreased. These asymmetric broadening 
and shift of Raman bands are attributed to the broadening of the phonon momentum 
based on the Heisenberg uncertainty principle. A similar blue shift in the bandgap 
measurement of the CZTS nanocrystals (from 1.48 - 1.89 eV) was also observed with 
the reduction in nanocrystals size, which is caused by optical quantum confinement. 
EN was proposed to play an important role in increasing the hydrophilism. EN also 
acts as a capping ligand which binds to the nanocrystal surface to reduce the growth 
of CZTS crystals.  
 
Figure 16: Growth mechanism of CZTS microspheres (reprinted with permission from ref. 106, 
copyright 2014, Royal Society of Chemistry). 
Unique CZTS microspheres (sizes: 4 - 8 μm) were synthesised through the utilisation 
of hydrothermal conditions at 190 °C for 24 h in the presence of citric acid with 
metal chlorides and thiourea.106 In this hydrothermal reaction, citric acid played an 
important role in reducing the segregation. In the meantime, citric acid also helped 
the formation of the microspheres structure of CZTS by controlling the crystal 
growth. A possible nucleation-dissolution-recrystallisation growth mechanism has 
been proposed based on the time-dependent investigation of the hydrothermal 
product (Figure 16). The photoresponse of the as-deposited CZTS films was found to 
increase with the increment of citric acid concentration in the reaction system. In a 
separate study, Jiang et al. reported a metastable orthorhombic phase of CZTS using 
thiocarbamide as the sulphur source and a solvent mixture of water and EN (volume 
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ratio = 1 : 1).29 The hydrothermal reaction was performed at 200 °C for 24 h. The 
crystal phase was found to gradually transform from kesterite to orthorhombic 
structure with the increase of the concentration of EN. The orthorhombic CZTS 
transformed to kesterite CZTS through a heat treatment at 500 °C for 2 h. The 
electrical properties of the orthorhombic CZTS were evaluated and the CZTS film 
was discovered to perform as a photoresistor.  
The inorganic sulphur source approach was introduced by Camara et al. who 
substituted the commonly used thiourea or thioacetamide with sodium sulphide 
nonahydrate (Na2S·9H2O) in the hydrothermal reaction.107 A CZTS material was 
obtained by hydrothermally treating the precursor solution containing the 
corresponding metal chlorides and Na2S at 230 °C for 24 h. However, the authors 
failed to obtain pure phase CZTS materials. Impurities of Cu2SnS3 and Cu2-xS were 
found to coexist in the final synthesised product. Two reaction routes were proposed 
in this system: (i) Direct formation of ternary and binary products, Cu2SnS3 and ZnS, 
respectively, leading to the formation of CZTS; (ii) Formation of CZTS through 
binary products, Cu2S, SnS2 and ZnS. Although the size distribution of the resulting 
CZTS products and the homogeneity of the deposited film in terms of surface 
coverage were poor, the heat treated CZTS film (at 450 °C for 1 h under N2 flow) 
exhibited remarkable photocurrent and voltage under light illumination in a 
photoelectrochemical measurement. 
2.7 POST-ANNEALING OF NANOCYSTAL FILMS 
High-temperature thermal annealing treatments are needed for the as-deposited 
nanocrystal films to form large grains, which are crucial for high performance thin 
film solar cells. Based on the experience with CIGS and CIS film deposition for solar 
cells, films with micrometer sized grains in the absorber layer can produce cells with 
high power conversion efficiencies. The current progress in CZTS nanocrystal based 
solar cells have demonstrated that without a grain-growing thermal treatment 
process, solar cells are generally unable to generate 1% efficiency.80 Hence, even 
though kesterite crystal structure nanocrystals have been formed in the as-deposited 
films, thermal annealing cannot be omitted.  
To make CZTS thin films from the nanocrystals, CZTS nanocrystals are generally 
dispersed in a solvent or a mixture of solvent and binder before being subjected to 
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film deposition. The CZTS slurry or paste with suitable rheological properties must 
be prepared to create a uniform layer with homogenous film thickness. The 
nanocrystal coatings are normally accomplished by either repeating spin coating or 
doctor-blading to achieve 1 to 2 μm of film thickness, which is the typical absorber 
layer thickness for thin film solar cells. The as-deposited films then underwent soft 
baking at a temperature around 300 °C, followed by a high temperature annealing at 
500 to 580 °C for a designed duration. Although CZTS nanocrystals already contain 
the necessary amount of chalcogen (sulphur in most cases), the thermal annealing 
process of the nanocrystal films still requires the presence of chalcogen vapour. 
Under high vacuum conditions, the CZTS phase decomposes at temperature above 
550 °C due to the volatilisation of SnS and elemental sulphur.45 The decomposition 
rate largely varies depending on the temperature, total pressure of the annealing 
chamber, and the partial pressure of the volatile products.108 Therefore, in order to 
prevent the loss of CZTS phase and the formation of undesired phases, an 
atmospheric base pressure and a chalcogen source are normally applied in the 
thermal annealing process. Continuous supply of sulphur (sulphurisation) or 
selenium (selenisation) is a reasonable option to prevent the decomposition of CZTS 
and CZTSe.   
2.7.1 Sulphurisation 
Sulphurisation is normally conducted in a quartz tube furnace using a graphite box to 
hold the as-deposited nanoparticle films and elemental selenium in an atmosphere 
containing an inert gas, or a mixture of inert gas and low percentage of H2S (~5%). 
The annealing temperature is typically between 500 to 560 °C with an annealing 
duration of more than 20 minutes. Sulphurisation of CZTS nanocrystal films has 
encountered obstacles in achieving large grain sizes close to those achieved by 
selenisation. This leads to relatively low device performance. For instance, Lu et al. 
annealed CZTS nanocrystal films in sulphur-rich atmosphere at 500 °C which 
yielded device efficiency of less than 1%. The grain size in the film remained in tens 
of nanometres.109 In contrast, Tina et al. reported CZTS grains beyond several 
hundred nanometres through annealing CZTS nanocrystal film with elemental 
sulphur at the same temperature. The corresponding CZTS solar cell showed an 
efficiency of 1.94%.84 In this case, ethylene glycol (EG), which has only two carbon 
atoms in the molecule, was used as a hydrophilic ligand to cap CZTS nanocrystals. It 
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is believed the incidence of fewer carbon atoms in the EG molecule is responsible for 
the formation of larger grains, compared to the oleylamine used in most other works.  
2.7.2 Selenisation 
 
Figure 17: Cross-sectional SEM images of annealed films by (a and b) nanocrystal approach with the 
EBIC map of the identical area.110, 111 The dotted lines in (b) are the benchmarks to indicate the same 
physical location on the sample in each image. Cross-sectional SEM images of (c) an organic ink-
processed CIGS film and (d) a hydrazine-processed CZTSSe film.74, 112 (reprinted with permission 
from (a) ref. 111, copyright 2012, American Chemical Society; (b) ref. 110, copyright 2012, NREL; 
(c) ref. 112, copyright 2004, Elsevier; (d) ref. 74, copyright 2010, Wiley). 
Selenisation of CZTS nanocrystal films is similar to that of sulphurisation. 
Selenisation of nanocrystal films generally produces bi-layer structures (Figure 
17(a)) with a large-grained layer on top and a fine-grained layer on the bottom.  In 
some cases, a tri-layer structure (Figure 17(b)) can also be formed with additional 
large-grained layers at the bottom.81, 110 Solar cells fabricated with these structures 
have yielded energy conversion efficiencies in the range of 7 - 10%. The studies also 
indicate that the large-grain layer is the CZTSSe phase, and the fine-grain layer is a 
mixture of CZTSSe and binary chalcogenide nanocrystals embedded in a matrix of 
carbon residue.111 During selenisation of a nanocrystal film, a recrystallisation 
process is initiated at the surface of the film. Reactions at the molybdenum/CZTS 
interface can also occur due to the large interfacial energy. These recrystallisation 
fronts are able to produce large grains while the growth of nanocrystals that are far 
from the interface proceeds in much slower order. 
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The involvement of carbon either from the nanocrystal synthesis process or ink 
preparation, is suspected as the cause for the unique morphology in the sintered 
nanoparticle films. Figure 17(c) shows a similar morphology that has also been 
observed in an ink-based process for CIGS solar cell fabrication. A significant 
amount of carbon residual was found in the film due to the use of ethyl cellulose in 
the precursor paste.112 Figure 17(d) illustrates that carbon-free CZTSSe films, which 
were fabricated from a hydrazine-based solution, do not have fine-grained layers.37, 
74, 75 Large grains are found stacked on top of each other, which indicates that 
nucleation takes place throughout the bulk of the layer in the thermal treatment 
process. Up to date, the difference between the effects of sulphurisation and 
selenisation in terms of grain growth is not fully understood. However, it is clear that 
selenisation is a more favourable process in terms of grain growth. 
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SYNOPSIS 
This chapter shows that pure phase CZTS material can only be obtained when the 
hydrothermal reaction has been carried out at 230 °C for 24 h in the presence of 
polyacrylic acid (PAA). A time-dependent phase evolution investigation was 
conducted to resolve the formation mechanism of CZTS compound in a 
hydrothermal system. In this hydrothermal system, CZTS nanoparticles were found 
to form through the reaction between ZnS and Cu2SnS3 with the latter formed from 
Cu2S and SnS2. The bandgap of the synthesised CZTS nanoparticles using PAA was 
determined to be 1.49 eV. The thin film based on the synthesised CZTS 
nanoparticles generated photocurrent under illumination, indicates the photoactivity 
of the semiconductor material. This work has also demonstrated that Raman 
scattering is a complementary technique to XRD measurement in resolving the 
secondary phases that may be present in the final product.  
Besides PAA, the effect of different surfactants including polyethylene glycol (PEG) 
and polyvinylpyrrolidone (PVP) on the formation and chemical composition of the 
hydrothermal products was thoroughly studied. The results show that when PEG and 
PVP were used in the synthesis, the final products consist of CZTS and impurities, 
Cu2S and SnO2. The failure in obtaining pure phase CZTS materials is due to the 
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ABSTRACT 
Pure phase Cu2ZnSnS4 (CZTS) nanoparticles were successfully synthesized via a 
polyacrylic acid (PAA) assisted one-pot hydrothermal route. The morphology, 
crystal structure, composition and optical properties as well as the photoactivity of 
the as-synthesized CZTS nanoparticles were characterized by X-ray diffraction, 
Raman spectroscopy, scanning electron microscopy, transmission electron 
microscopy, X-ray photoelectron spectrometer, UV-visible absorption spectroscopy 
and photoelectrochemical measurement. The influence of various synthetic 
conditions, such as the reaction temperature, reaction duration and the amount of 
PAA in the precursor solution on the formation of CZTS compound was 
systematically investigated. The results have shown that the crystal phase, 
morphology and particle size of CZTS can be tailored by controlling the reaction 
conditions. The formation mechanism of CZTS in the hydrothermal reaction has 
been proposed based on the investigation of time-dependent phase evolution of 
CZTS, which showed that metal sulfides (e.g. Cu2S, SnS2 and ZnS) were formed 
firstly during the hydrothermal reaction before forming CZTS compound through 
nucleation. The band gap of the as-synthesized CZTS nanoparticles is 1.49 eV. The 
thin film electrode, based on the synthesized CZTS nanoparticles in the three-
electrode photoelectrochemical cell generated, pronounced photocurrent under 
illumination provided by a red light-emitting diode (LED, 627nm), indicating the 
photoactivity of the semiconductor material. 
KEYWORDS 
Cu2ZnSnS4, Hydrothermal, Polyacrylic Acid, Formation Mechanism, Photoactivity. 
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3.1 INTRODUCTION 
Over the past few decades, research in the field of thin film solar cells has been 
dominated by Cu(In,Ga)(S,Se)2 (CIGS) and CdTe based light absorber materials 
owning to their high light absorption coefficient, which have achieved remarkable 
high conversion efficiencies of 18.7% for CdTe  according to the report by First 
Solar, and  20.4% for CIGS as reported by EMPA, Switzerland, on their website. 
Despite the high performance, both CIGS and CdTe are not amenable for eventual 
terawatt-scale production owing to the high cost and scarcity of Te, In and Ga as well 
as the environment issues associated with Cd and Se.1, 2 Therefore, substantial effort 
has been made towards developing new substitute light absorber materials, which are 
both economically available and environmentally benign. An absorber material based 
on copper zinc tin sulfide (Cu2ZnSnS4, CZTS) compound fulfills these criteria.3 
CZTS has a direct band gap of 1.5 eV with a high light absorption coefficient in the 
visible region (over 104 cm-1).4, 5 Moreover, based on Shockley-Queisser photon 
balance calculations, the theoretical limit for a CZTS thin film solar cell is 32.2%, 
which makes it more competitive to CIGS and CdTe solar cells.6 Compared to CdTe 
and CIGS light absorber material, the metals used in CZTS are abundant in the 
earth’s crust and are environmentally friendly, thus being more attractive to cost-
effective PV technologies. 
Various methods for fabrication of CZTS absorber material have been developed. 
These include vacuum-based sputtering and evaporation, and non-vacuum based 
chemical approaches - spray pyrolysis, electrodeposition, hot injection etc.7-11 
Recently, a thin film solar cell based on Cu2ZnSn(S,Se)4 (CZTSSe) prepared by a 
hydrazine based solution-particles method produced an efficiency of 11.1%.12 
Nevertheless, this method is not suitable for large scale fabrication because the 
preparation and spin coating of hydrazine precursor solution needs to be performed 
in a nitrogen-filled glove box to avoid the danger of the reaction as hydrazine is 
highly toxic and dangerously unstable.13 In contrast, hydrothermal is an alternative 
low cost, environment friendly method which uses a water-based precursor solution 
to prepare the target material. Hydrothermal reaction is normally performed in a 
sealed vessel at low temperature (less than 250°C) to grow the target material. Thus, 
this method is suitable for large-scale fabrication of good-quality crystals while 
maintaining good control over their composition and morphology.  
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Similar to the hydrothermal method, the solvothermal method is another convenient 
method which uses organic solvent in the precursor solution to prepare CZTS 
nanoparticles.14, 15 Polymer based surfactants such as polyacrylic acid (PAA), 
polyethylene glycol (PEG), polyvinylpyrrolidone (PVP) and polyvinyl alcohol 
(PVA) have been widely employed in hydrothermal and solvothermal methods for 
the preparation of inorganic nanomaterial oxides and sulfides such as titanium 
oxides, copper sulfides and zinc sulfides.16-19  It is generally assumed that the 
polymers act as structure-directing agents or soft templates, which can control the 
morphology and size of the particles formed in the hydrothermal or solvothermal 
reaction through influencing their nucleation and growth process. Suitable polymers 
have been used in the solvothermal method to synthesize pure phase CZTS 
nanoparticles as well as to tune the morphology and size of the particles.15, 20, 21 
However, the organic solvents such as ethylene glycol and oleylamine used in the 
solvothermal method are toxic and harmful to the environment. Therefore, it is 
desirable to develop a suitable hydrothermal method for fabrication of CZTS 
material because of its low environmental impact. Up to date, there are very limited 
papers on synthesis of CZTS particles via a hydrothermal reaction route.22-24 
Furthermore, the detailed influence of various reaction conditions on the formation 
of CZTS compound and the formation mechanism of CZTS in a hydrothermal 
reaction system have not been disclosed. Herein, we reported a convenient 
hydrothermal approach to synthesize single phase, sphere-like CZTS nanoparticles 
using PAA as the surfactant in the aqueous precursor solution. The synthesized 
CZTS nanospheres had average particle sizes in the range of 40 - 60 nm. The 
properties of the CZTS nanoparticles including the chemical composition, crystal 
structure, morphology and light absorption ability, were characterized 
comprehensively. The influences of various reaction parameters on the growth of 
CZTS architectures were investigated and the formation mechanism was proposed 
and discussed. The results have shown that both the morphology and size of the 
CZTS particles can be tailored by controlling the reaction conditions and the amount 
of PAA in the precursor solution. In addition, the sphere-like CZTS nanoparticles 
exhibited broad absorption in the visible light region. The photoactivity of the thin 
film, based on the synthesized CZTS material, was evaluated.  




All the chemicals were provided by Sigma Aldrich unless otherwise stated. Copper 
(II) chloride dihydrate (CuCl2.2H2O), zinc chloride (ZnCl2) product of BDH, tin (IV) 
chloride pentahydrate (SnCl4.5H2O), thioacetamide (C2H5NS) and polyacrylic acid 
(PAA) were all of analytical grade and used as received. All water used in this work 
was produced by a Mili-Q water purification system. 
3.2.2 Synthesis 
In a typical experimental procedure, 0.2 mmol of CuCl2.2H2O, 0.1 mmol of ZnCl2, 
0.1 mmol of SnCl4.5H2O, 0.5 mmol of C2H5NS and 1.0 g of PAA were dissolved in 
36 mL of Mili-Q water under magnetic stirring. The solution was transferred to a 
Teflon-lined stainless steel autoclave (Parr Instrument Company) of 45 mL capacity, 
which was then sealed and maintained at 230 °C for 24 h. After that, the autoclave 
was allowed to cool to room temperature naturally. The black precipitate was 
centrifuged and washed with Mili-Q water, absolute ethanol and acetone for several 
times to remove ions that still remained in the end product. Finally, the product was 
vacuum-dried at 80 °C for 5 h before characterization. 
3.2.3 Characterization 
The crystallographic structure of the synthesized samples was identified by X-ray 
diffraction (XRD, PANanalytical XPert Pro Multi-Purpose Diffractometer (MPD), 
CuKα, λ = 0.154056 nm). The Raman spectra of the samples were recorded with a 
Raman spectrometer (Renishaw inVia Raman microscope) with a 785 nm excitation 
laser. The morphology and quantitative elemental analysis of the samples were 
characterized by field emission scanning electron microscopy (FESEM, JEOL 
7001F) at an acceleration voltage of 20.0 kV combined with an energy dispersive X-
ray spectroscopy (EDS). Transmission electron microscopy (TEM) of the sample 
was performed on a JEOL JEM-1010 microscope. High-resolution TEM (HRTEM) 
and selected area electron diffraction (SAED) images of the synthesized materials 
were obtained using JEOL JEM-2100 microscope at an accelerating voltage of 200 
kV. Ultraviolet-visible (UV-vis) absorption spectrum of the sample was measured at 
room temperature using a Varian Cary 50 spectrometer. The reflected light was not 
considered in the UV-Visible light absorption measurement. The chemical state of 
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each element in the sample was determined using Kratos Axis ULTRA X-ray 
photoelectron spectrometer (XPS).  
A photoelectrochemical (PEC) cell, which used CZTS based thin film coated on a 
FTO substrate as working electrode, platinum wire as counter electrode and Ag|AgCl 
as reference electrode, was constructed to evaluate the photoactivity of the as-
synthesized CZTS nanoparticles. The electrolyte used in the PEC cell was based on 
0.2 M Eu(NO3)3 (pH = 2.3) aqueous solution. The PEC method allows rapid, non-
destructive evaluation of the photoresponse of CZTS light absorber material under 
illumination.25 The CZTS thin film electrode was fabricated by the following 
method. The as-synthesized CZTS powder was firstly dispersed in ethanol and 
followed by deposition on an FTO glass substrate via drop-casting method. The 
deposited film was then dried in a vacuum oven at room temperature for 24 h before 
being used as a working electrode in the PEC cell. The active area of the deposited 
CZTS thin film was 0.5 cm × 0.45 cm. The CZTS based thin film electrode of the 
PEC cell was illuminated by a single wavelength (627 nm), red light-emitting diode 
(LED) with light intensity of 50 mW/cm2 to evaluate its photoactivity. The 
photocurrent generated by the PEC cell was recorded by an electrochemical 
workstation (VSP BioLogic Science Instruments) at a constant voltage (-0.3 V vs. 
Reference). 
3.3 RESULTS AND DISCUSSION 
3.3.1 Influence of the Reaction Conditions 
In the quest to synthesize single phase CZTS material and to ascertain its formation 
mechanism under hydrothermal reaction conditions, a number of experiments under 
different reaction conditions, such as different reaction temperature, reaction 
duration, and the amount of PAA in the precursor solution for the hydrothermal 
reaction, were performed. The effect of each reaction conditions on the morphology, 
purity and crystal structure of CZTS material was investigated in detail in the 
following sections. 
3.3.1.1 Influence of Reaction Temperature 
It is known that reaction temperature has a significant influence on the formation of 
target material in a hydrothermal system. It has been reported that pure phase CZTS 
material can only be formed at a certain temperature in a hydrothermal reaction.22 In 
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this study, the influence of reaction temperature on the formation of CZTS 
nanoparticles was investigated in the temperature range from 170°C to 230°C. The 
amount of PAA in the precursor solution was fixed to 1.0 g and the reaction duration 
was maintained at 24 h. Figure 1(a) and 1(b) show the XRD patterns and the Raman 
spectra of the hydrothermal samples obtained at different temperatures. The XRD 
patterns show a significant right shift of a peak from 31.87° to 32.94° and a left shift 
of a peak from 47.94° to 47.30° with the increase of the reaction temperature from 
170°C to 230°C. This is due to the formation of different binary and ternary sulfides 
in the hydrothermal reaction, mainly CuS (JCPDS 1-1281) or Cu2-xS (JCPDS 2-
1281), ZnS (JCPDS 05-0566) and Cu2SnS3 (JCPDS 89-2877). The Raman spectra 
clearly show the transformation of binary products of Cu2-xS, ZnS and SnS2, which 
were formed at low temperature, to single phase CZTS, which was formed at high 
reaction temperature. At 170°C, the XRD peaks at 31.87° and 47.9° and the Raman 
peak at 475 cm-1 confirms the formation of Cu2-xS. 26 Due to the similarity of crystal 
structure between ZnS, Cu2SnS3, Cu3SnS4 and CZTS, it is very difficult to confirm 
their existence or coexistence in the sample, solely by XRD technique. Nevertheless, 
the characteristic scattering peaks of ZnS at 352 cm-1, SnS2 at 314 cm-1, Cu2SnS3 at 
297 and 337 cm-1 and Cu3SnS4 at 318 cm-1 are clearly observed in the corresponding 
Raman spectrum.27,28 When the reaction temperature was increased to 190°C, the  
peak at 31.87° in the XRD pattern shifts  to 32.94°, indicating the transformation of 
CuS or Cu2-xS to Cu2SnS3 (JCPDS 89-2877). whereas a peak at 47.94° shifts to 
47.52°, denoting the transformation of CuS or Cu2-xS to ZnS (JCPDS 05-0566). 
Meanwhile, the Raman spectra show a significant reduction in the intensity of Cu2-xS 
peak at 475 cm-1, whereas two peaks corresponding to Cu2SnS3 at 297 and 337 cm-1 
become more pronounced with the increase of the reaction temperature. This is in 
good agreement with the evolution of the XRD pattern of the samples. At 210°C, the 
XRD pattern shows a further left-shift of the peak from 47.52° to 47.30°, indicating 
the transformation of ZnS to Cu2SnS3 or CZTS (JCPDS 01-075-4122), but the 
Raman spectrum indicates that the sample still contained secondary phases of ZnS, 
Cu2SnS3 and Cu3SnS4. Pure phase CZTS was obtained only at 230°C as confirmed 
by both XRD pattern and Raman spectrum. The major XRD diffraction peaks at 2θ = 
16.32, 18.24, 28.44, 32.94, 47.30, 56.10, 58.84, 69.08, 76.36 and 78.68 can be 
attributed to the (002), (101), (112), (200), (220), (312), (224), (400), (316) and (420) 
planes of CZTS compound (JCPDS 01-075-4122), with tetragonal phase and 
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kesterite crystal structure.6 The strong peak at 336 cm-1 together with the two weaker 
peaks at 286 and 364 cm-1 as shown in the Raman spectrum, further confirm the 
formation of CZTS. Since no other characteristic peaks corresponding to impurities, 
such as Cu2-xS, SnS2, ZnS, Cu2SnS3 and Cu3SnS4, are observed in the Raman 
spectrum, we can conclude that the synthesized CZTS product was single phase.  
 
Figure 1: (a) XRD patterns, (b) Raman spectra, and SEM images of the samples synthesized for 24 h 
using 1.0 g of PAA at (c) 170°C, (d) 190°C, (e) 210°C and (f) 230°C. Scale bar in (c) and (d) is 1 μm, 
and in (e) and (f) is 500 nm. 
The FESEM images of the sample synthesized at different hydrothermal reaction 
temperatures are shown in Figure 1(c, d, e, f). Figures 1(c) and 1(d) illustrate that the 
synthesized product was composed of several intersectional hexagonal nanoplates 
with sizes ranging from 100 to 200 nm at the reaction temperatures of 170°C and 
190°C respectively. When the reaction temperature was increased to 210°C, 
agglomerates of nanoparticles with variable sizes were obtained (Figure 1(e)). 
Uniform and well-dispersed sphere-like nanoparticles with sizes ranging from 40 to 
60 nm were obtained at 230°C (Figure 1 (f)). These results show that reaction 
temperature plays a crucial role in the formation of CZTS compound. In order to 
form pure phase, uniformly dispersed CZTS nanoparticles, reaction temperature 
should be no less than 230°C in the current hydrothermal system.  
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3.3.1.2 Influence of PAA Amount in the Precursor Solution 
To investigate the influence of the surfactant PAA on the formation of CZTS 
nanoparticles, hydrothermal products made from precursor solutions containing 
different amounts of PAA in the hydrothermal reaction were investigated at a 
constant reaction temperature (230 °C) and duration (24 h). The XRD patterns and 
the Raman spectra of the hydrothermal products are shown in Figures 2(a) and 2(b) 
respectively. As indicated by the Raman spectrum, only binary and ternary products 
such as Cu2-xS, ZnS, Cu2SnS3 and Cu3SnS4 were formed in the hydrothermal reaction 
without PAA in the precursor solution. The XRD pattern also confirms the formation 
of Cu2-xS, although it is more difficult to distinguish the formation of other secondary 
phases (e.g. ZnS, Cu2SnS3 and Cu3SnS4) from CZTS due to the reason stated above. 
With the increase of PAA even at the amount of 0.2 g in the precursor solution, the 
XRD peaks corresponding to Cu2-xS disappear, leaving a XRD pattern similar to that 
of CZTS. However, the Raman spectrum denotes that, when only 0.2 g of PAA was 
used in the precursor solution, the synthesized product contained mainly Cu2SnS3 
with its characteristic Raman peaks at 297 and 337 cm-1, and ZnS with the scattering 
peak at 352 cm-1 respectively. By increasing the content of PAA in the precursor 
solution to 0.6 g, the characteristic Raman peaks corresponding to CZTS compound 
appear together with a weak peak of Cu3SnS4 at 319 cm-1. According to the Raman 
spectra, the single phase CZTS compound was obtained when 1.0 g of PAA was 
used in the precursor solution. Beyond this value, a weak peak corresponding to the 
Cu3SnS4 secondary phase appears again together with CZTS (See the Inset of Figure 
2(b)). The XRD patterns shown in Figure 2(a) disclose that the major diffraction 
peaks of CZTS nanoparticles become narrower and sharper with the increase of PAA 
content in the precursor solution, indicating the improved crystallinity of the 
synthesized product.  
The FESEM images shown in Figure 2 (c, d, e, f, g) demonstrate the morphology 
evolution of the hydrothermal products with the increase of PAA content in the 
precursor solution. As can be seen in Figure 2(c), big particles with sizes around 200-
500 nm were obtained when there was no PAA in the precursor solution. With 0.2 g 
of PAA added to the solution, flower-like particles, which are composed of several 
intersectional hexagonal nanoplates, were formed (Figure 2(d)). The particles are 
around 200 nm in diameter. When the amount of PAA was increased to 0.6 g (Figure 
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2(e)), the morphology of the samples is similar to those with 0.2 g of PAA. However, 
the average particle size is reduced to 100 nm. With further increment of the amount 
of PAA to 1.0 g and 1.4 g, sphere-like nanoparticles with sizes around 40 - 60 nm 
(Figure 2(f)) and 20 - 50 nm (Figure 2(g)) were formed. The results suggest that the 
presence of PAA in the precursor solution not only significantly influences the 
morphology and size of the particles, but more importantly, PAA determines the 
formation and purity of the synthesized CZTS product.  
 
Figure 2: (a) XRD patterns, (b) Raman spectra (inset image indicate trace of Cu3SnS4) and FESEM 
images of the samples prepared at 230°C for 24 h with (c) 0 g, (d) 0.2 g, (e) 0.6 g, (f) 1.0 g and (g) 1.4 
g of PAA. Scale bar in (c), (d) and (e) is 1 μm, and in (f) and (g) is 500 nm. 
Based on the above results, we believe that PAA plays the role of controlling the 
reaction rate for the formation of CZTS so that the initially formed binary sulfides 
could interact to form CZTS compound through nucleation. At a low concentration 
of PAA, the PAA molecule was not sufficient enough to fully cover all the crystal 
planes of the binary sulfides, resulting in a loose control over the growth of CZTS 
particles.29 By increasing the PAA content, more CZTS nuclei can be formed at a 
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faster growth rate, leading to the formation of more spheres with smaller size.30 
However, excessive amount of PAA can also lead to a fast growth of Cu2-xS and 
SnS2, which then interact to form Cu3SnS4. In addition, the excessive amount of 
PAA molecule, which wraps around the binary and ternary products, may also limit 
their interaction, thus restricting the formation of pure phase CZTS particles. In our 
experiments, we believe that PAA plays two main roles in the hydrothermal process: 
one is to act as a surfactant in the hydrothermal system to control the growth rate of 
CZTS nanoparticles through the adsorption process; another is to prevent the 
aggregation of CZTS nanoparticles by steric hindrance in the final growth stage.30 
3.3.1.3 Influence of the Reaction Duration and Formation Mechanism of CZTS 
In order to gain insights of the growth mechanism of CZTS nanoparticles in the 
hydrothermal reaction, detailed investigations of the time-dependent evolution of 
crystal phases and the morphology of CZTS compound were carried out at 230°C 
with 1.0 g of PAA in the precursor solution. The XRD patterns and the Raman 
spectra of the hydrothermal products shown in Figure 3(a) and (b), reveal that only 
Cu2-xS, SnS2 and ZnS were formed at the early stage of reaction time for 0.5 h, 
suggesting that each metal ion in the precursor solution firstly reacted with TAA to 
form binary sulfides. When the reaction proceeded for 2 h and 4 h, the ternary sulfide 
of Cu2SnS3 (with Raman peaks at 297 and 337 cm-1) was detected along with the 
binary sulfides. The Raman spectra in Figure 3(b) also confirm that the intensity of 
the Raman peaks corresponding to Cu2-xS at 475 cm-1 and SnS2 at 314 cm-1 reduce 
significantly, whereas Cu2SnS3 peaks are more distinct with the increase of the 
reaction duration. This phenomenon can be explained by the formation of Cu2SnS3 
product through the reaction between Cu2S and SnS2. At 8 h of reaction time, a 
CZTS compound was found together with Cu2SnS3 in the sample. Pure phase CZTS 
compound was formed at the reaction duration of 24 h, as confirmed by both XRD 
pattern and the Raman spectrum of the sample. No Cu3SnS4 peak was detected in the 
entire Raman spectra. This implies that CZTS was actually formed through the 
reaction between the binary sulfide ZnS and ternary sulfide Cu2SnS3 in the 
hydrothermal reaction. 
The FESEM images of the hydrothermal products obtained at different reaction 
duration are shown in Figure 3(c, d, e, f, g). Figure 3(c) shows that when the 
hydrothermal reaction proceeded for 0.5 h, the sample was dominated by uniform 
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and well-dispersed flower-like particles, which were composed of several 
intersectional hexagonal nanoplates with an average diameter around 200 nm. The 
flower-like particles were determined to be Cu2S based on EDS elemental analysis. 
The morphology of Cu2S was similar to what was reported by Li et al.31 Meanwhile, 
sphere-like particles were also found within the samples, which can be assigned to 
SnS2 and ZnS. After 2 h of hydrothermal reaction, the agglomeration of flower-like 
particles with an average size of 150 nm was observed (Figure 3(d)). The particles 
further aggregated to form a large agglomeration at 4 h of reaction duration (Figure 
3(e)), indicating the rapid reaction between the binary products to form ternary 
Cu2SnS3. When the reaction duration was increased to 8 h, agglomeration of 
irregular shaped nanoparticles with size in the range of 70 - 100 nm was observed 
(Figure 3(f)). As shown in Figure 3(g), homogenous, sphere-like nanoparticles were 
formed at 24 h of reaction time.  
 
Figure 3: (a) XRD patterns, (b) Raman spectra and  morphological evolution of the CZTS particles at 
different growth stages ((c) 0.5 h, (d) 2 h, (e) 4 h, (f) 8 h and (g) 24 h). Scale bar in (c), (d), (e) and (f) 
is 1 μm, and in (g) is 500 nm. 
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The schematics showing the formation mechanism of CZTS nanoparticles is depicted 
in Figure 4 based on the obtained time-dependent XRD pattern, Raman spectra and 
SEM images of the hydrothermal products. According to this mechanism, when the 
starting materials CuCl2.2H2O, ZnCl2, SnCl4.5H2O, thioacetamide (TAA) and PAA 
are dissolved in water under vigorous magnetic stirring, metal cations first chelate 
with TAA to form metal-TAA complexes. Upon heat treatment, TAA reacts with 
water and decomposes into hydrogen sulfide (H2S),32 and Cu-TAA complexes are 
thermally decomposed into Cu2+ ions simultaneously, then reduced to Cu+ ions by 
H2S to form Cu2S.33 Similar TAA based complexing/decomposition reaction occurs 
to Sn4+ and Zn2+ as well, leading to the formation of SnS2 and ZnS binary sulfides. 
At the same time, the PAA molecule is adsorbed on the surface of the binary 
sulfides. As the reaction duration is extended, SnS2 reacts with Cu2S to form ternary 
Cu2SnS3, followed by the reaction between ZnS and Cu2SnS3 to form CZTS primary 
crystals. During the crystal growth, PAA molecules, which are adsorbed on the 
particle surface, restrict the growth of CZTS nanoparticles. Finally, CZTS 
nanoparticles of a sphere-like shape are formed through orientated growth, controlled 
by PAA. Overall, the formation of CZTS in the presence of PAA under the current 
hydrothermal reaction condition is similar to that formed via a solid-state reaction 
using starting materials of Cu2S, ZnS and SnS2.34  
 
Figure 4: Schematic illustrations of the formation process for sphere-like CZTS nanoparticles. 
3.3.2 Optoelectronic Property of Pure Phase CZTS Nanoparticles 
Further detailed investigation of the optoelectronic properties of the hydrothermal 
product, which was synthesized at 230°C for 24 h using 1.0 g of PAA, was carried 
out. The quantitative elemental analysis by EDS shown in Figure 5(a) reveals that the 
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11.65%: 12.49%: 49.6%. Considering the error of EDS detector (approximately ± 
2%), this value is basically in good agreement with the theoretical stoichiometric 
value of the four elements in CZTS (Cu: Zn: Sn: S = 2: 1: 1: 4). The atomic ratio for 
[Cu]/([Zn]+[Sn]) and [Zn]/[Sn] was determined to be 1.08 and 0.93 respectively, 
suggesting the sample was slightly Cu rich and Zn poor. Compared to the 
stoichiometric CZTS, the Cu rich and Zn poor composition may be due to the 
different reactivity of the three cations Cu2+, Zn2+ and Sn4+ in the precursors. 
Moreover, EDS elemental mapping shown in Figure 5(b) indicates that the 
distributions of Cu, Zn, Sn and S elements in the as-synthesized CZTS were 
homogenous and there was no noticeable compositional variation among the 
particles. These results further confirm the purity and homogeneity of the 
synthesized CZTS nanoparticles.  
 
Figure 5: (a) EDS spectrum and (b) elemental mapping of the CZTS nanoparticles. 
 
Figure 6:  (a) TEM, (b) HRTEM and (c) SAED images of the CZTS nanoparticles. 
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The morphology of the CZTS nanoparticles was further investigated by TEM and 
HRTEM. The TEM image in Figure 6(a) confirms that the synthesized CZTS 
product was composed of small nanoparticles and the average particle size was 
around 40 - 60 nm, which is in good agreement with the particle sizes estimated 
based on the FESEM images shown in Figures 1(f), 2(f) and 3(g). The HRTEM 
image in Figure 6(b) shows the lattice fringe of the particle with an interplanar 
spacing of 3.1 Å, which can be ascribed to the (112) plane of CZTS compound.23 
This suggests that the CZTS nanoparticles grew along the (112) plane direction in the 
hydrothermal reaction. The diffraction spots in the SAED pattern shown in Figure 
6(c) can be well indexed to the (112), (220), (224), and (420) planes of CZTS 
(JCPDS 01-075-4122) respectively.  
 
Figure 7: Core level (a) Cu 2p, (b) Zn 2p, (c) Sn 3d and (d) S 2p XPS spectra of the CZTS 
nanoparticles. 
XPS measurement was performed to monitor the chemical state of the synthesized 
CZTS product. Figure 7 displays the high-resolution XPS analysis for the four 
constituent elements: Cu 2p, Zn 2p, Sn 3d and S 2p. The spectrum of Cu 2p shows 
two peaks at 932.00 and 951.90 eV with peak separation of 19.9 eV (Figure 7(a)), 
which is consistent with the standard separation of Cu(I). The Zn 2p peaks are 
located at 1021.88 and 1044.98 eV respectively (Figure 7(b)), and a peak splitting of 
23.1 eV indicatives of Zn(II). The Sn(IV) is confirmed by a peak separation of 8.43 
eV with peaks located at 486.30 and 494.73 eV (Figure 7(c)). Figure 7(d) shows the 
S 2p peaks located at 161.78 and 162.9 eV respectively with a peak separation of 
1.12 eV, which are consistent with the 160-164 eV range of S in sulfide phases of 
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CZTS. These results are in good agreement with the reported value of the chemical 
binding state of the elements in CZTS compound.35 
The UV-visible absorption spectrum of the synthesized CZTS sample is shown in 
Figure 8. As can be seen, the as-synthesized CZTS has a broad absorption in the 
visible region, which further extends to the longer wavelength. The band gap of the 
sample was determined by plotting (ahv)2 as a function of hv whereby a = 
absorbance, h = Planck’s constant, and v = frequency. From the long wavelength 
extrapolation of the band edge, the band gap was determined to be 1.49 eV, which is 
in good agreement with band gap of CZTS, which is normally in the range of 1.4 -1.6 
eV.36 The strong absorption of the as-synthesized CZTS nanoparticles in the visible 
light region makes it suitable for solar cell application.  
 
Figure 8: The UV-vis absorption spectrum of the as-synthesized CZTS nanoparticles and the inset 
image shows the (ahv)2 vs hv for the sample. 
The photoactivity of the as-synthesized CZTS material was evaluated in a three-
electrode cell system. The preliminary result is shown in Figure 9. As can be seen, 
pronounced photocurrent was generated by the CZTS thin film electrode under the 
illumination provided by a 627 nm LED. The photocurrent density decreased 
gradually when the LED was switched off. This clearly indicates the photoresponse 
of the synthesized CZTS material. The cathodic photocurrent response with a 
negative applied bias suggests the p-type behavior of the CZTS film.25 
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Figure 9: Voltammogram of the CZTS nanoparticles in 0.2 M Eu(NO3)3 under illumination from a 
red LED. 
3.4 CONCLUSIONS 
Pure phase CZTS nanoparticles with sphere-like shape were successfully synthesized 
using a convenient one-pot hydrothermal method in the presence of a surfactant 
PAA. The purity, crystal structure, composition and morphology of the synthesized 
product were characterized comprehensively. This work has demonstrated that 
Raman scattering is a complementary technique to XRD measurement, allowing for 
an increased ability in resolving the different secondary and ternary phases that may 
be present in CZTS material. Different reaction conditions such as reaction 
temperature, reaction duration and the amount of PAA in the precursor solution were 
investigated in terms of their influence on the morphology and particle sizes of CZTS 
nanostructures as well as the purity of the final product. The investigation on the 
time-dependent phase evolution of the hydrothermal products has suggested that the 
formation mechanism of CZTS nanoparticles in the current hydrothermal condition 
is similar to that of CZTS compound formed in a solid state reaction. That is, CZTS 
is formed through the reaction of binary sulfide ZnS and ternary sulfide Cu2SnS3 
with the latter formed from Cu2S and SnS2. The optical absorbance and 
photoelectrochemical measurements have revealed that the synthesized CZTS 
nanoparticles had strong optical absorption in the visible light region with the band 
gap matching well with the bulk CZTS materials. The CZTS based thin film 
exhibited photoresponse under illumination. We believe that the synthesized CZTS 
product could be used as an alternative absorber layer material in the next generation, 
thin film solar cells. 
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3.7 UNPUBLISHED SUPPORTING INFORMATION 
Apart from the polyacrylic acid (PAA) used in the preparation of CZTS 
nanoparticles, as shown in the published paper, a similar hydrothermal synthesis 
method was also applied to prepare CZTS materials in the presence of 
polyvinylpyrrolidone (PVP) and polyethylene glycol (PEG). All experimental 
procedures and characterisations were done in the same manner as in the published 
paper. For simplicity, the CZTS material synthesised using PVP is named as 
CZTS_PVP, while the CZTS material synthesised using PEG is named CZTS_PEG. 
3.7.1 CZTS synthesis and characterisation 
 
Figure 1: XRD patterns and Raman spectra of (a) CZTS_PVP and (b) CZTS_PEG. 
Figure 1 shows the XRD patterns and Raman spectra of the CZTS products 
synthesised with PVP and PEG at 230 °C for 24 h. XRD pattern of both products 
shows that impurities Cu2S (JCPDS 3-1071) and SnO2 (JCPDS 41-1445) coexist 
within the CZTS (JCPDS 26-0575) product (Figure 1a). Nevertheless, CZTS_PEG 
shows better crystallinity as compared to CZTS_PVP. On the other hand, no trace of 
impurities was detected under the surveillance of Raman spectroscopy (Figure 1b). 
No impurities such as Cu2-xS, SnS2, ZnS, Cu2SnS3 and Cu3SnS4 are observed in the 
Raman spectrum.1, 2 All detected peaks can be well assigned to the peaks of kesterite 
phase CZTS.2 Raman spectroscopy failed to detect the impurities because the 
scanning area of Raman spectroscopy is smaller than that of XRD measurement. In 
this case, Raman spectra were recorded using excitation wavelengths of 785 nm 
which have deeper penetration, thus we can conclude that Cu2S phase was mostly 
distributed on the surface of the final product.2 Failure in obtaining the pure phase 
CZTS product in this case may be due to the weaker chelating role played by PVP 
and PEG with the metal cations, which induced the prompt hydrolysis of Sn with 
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oxygen from the water, thus forming SnO2. In addition, PVP and PEG may also have 
weaker adsorption on the primary nuclei surface and thus failed to control the growth 
rate of CZTS, leading to the incomplete formation of pure CZTS materials. 
 
Figure 2: SEM images of (a) CZTS_PVP and (d) CZTS_PEG 
Table 1: Quantitative elemental analysis of CZTS materials 
Element Cu Zn Sn S 
Atomic 
ratio (%) 
CZTS_PVP 27.67 15.24 22.02 35.07 
CZTS_PEG 48.73 6.13 7.56 37.58 
 
Figure 2 displays the SEM images of the synthesised CZTS_PEG and CZTS_PVP 
materials. Only agglomeration of small nanocrystals with no significant morphology 
was observed through the SEM imaging. Table 1 shows the quantitative elemental 
analysis of CZTS_PVP and CZTS_PEG. The data reveals that both atomic ratios of 
CZTS_PVP and CZTS_PEG deviated from the stoichiometry of the CZTS 
compound greatly with low content of S element. The atomic ratio of CZTS_PVP for 
[Cu]/([Zn]+[Sn]) and [Zn]/[Sn] was determined to be 0.74 and 0.69, respectively. 
The high content of Sn and Cu element in the final product is due to the existence of 
SnO2 and Cu2S as illustrated by the XRD patterns. The atomic ratio of CZTS_PEG 
for [Cu]/([Zn]+[Sn]) and [Zn]/[Sn] was resolved to be 3.56 and 0.81 respectively. 
The atomic ratios indicate that large quantity of impurity Cu2S coexisted in 
CZTS_PEG, while less SnO2 impurity formed in comparison with CZTS_PVP.  
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Figure 3: High resolution XPS analysis of CZTS_PEG. 
Since the XRD pattern and Raman scattering show better crystallinity of CZTS_PEG, 
the rest of the study was done using CZTS_PEG. XPS analysis was performed to 
monitor the chemical state of the CZTS_PEG. Figure 3 displays the high-resolution 
XPS analysis for the four constituent elements: Cu 2p, Zn 2p, Sn 3d and S 2p. The 
spectrum of Cu 2p shows two peaks at 931.6 and 951.6 eV, indicating a 20 eV peak 
separation of Cu(I), which is consistent with the standard separation of 19.9 eV. The 
Zn 2p peaks are located at 1021.2 and 1044.3 eV, indicating a 23.1 eV peak splitting 
of Zn(II). The Sn(IV) is confirmed by a peak separation of 8.4eV with peaks located 
at 486.6 and 495 eV. A broad wide peak was found in the sample for S 2p and four 
peaks were identified by employing peak fitting. The peaks situated at 161.2 and 
162.4 (coloured in blue) belong to the sulphide phase of CZTS while the peaks 
situated at 162.3 and 163.5 (coloured in red) belong to the sulphide phase of Cu2S. 
These results agree with the previously reported values of the binding states of the 
elements of CZTS.3, 4 Since XPS measurement is taken from the top 10nm of the 
samples, the analysis of the sulphide phase further verifies that the Cu2S is 
distributed on the surface of the synthesised CZTS_PEG particles.  
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3.7.2 Potassium cyanide treatment  
 
Figure 4: XRD pattern of CZTS_PEG before and after KCN treatment 
In order to eliminate binary phases of Cu2-xS, CZTS_PEG was processed by utilizing 
a potassium cyanide (KCN) chemical treatment. For this procedure, an aqueous 
solution of KCN at 10% w/w concentration was prepared.5 The sample was 
sequentially washed by sonication and centrifuged using the KCN solution for 3 
minutes, then with a solution of absolute ethanol/deionised water at 50% vol/vol, 
deionised water and acetone. It was then dried with N2 gas flux before subjected to 
characterisation. As shown in Figure 4, after the KCN treatment, the crystallinity of 
the samples has been improved and Cu2S impurity has been totally removed. 
However, SnO2 impurity still remains in the KCN treated CZTS_PEG product, as 
illustrated in the XRD pattern. There was no difference shown in the Raman spectra 
of CZTS_PEG before and after the KCN treatment. 
 
Figure 5: High resolution XPS analysis of S 2p of CZTS_PEG before and after KCN treatment 
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XPS measurement of the CZTS_PEG sample was re-conducted after KCN treatment, 
in order to ensure the complete removal of Cu2S impurity. The XPS spectra reveal 
that the binding state of the three metal cations, Cu, Zn, and Sn in CZTS_PEG was 
similar before and after KCN treatment, whereas only two S 2p peaks located at 
161.3 and 162.5 eV were found after KCN treatment (Figure 5). The two S 2p peaks 
are consistent with the 160-164 eV range of S in sulphide phases of CZTS material. 
This result further confirmed that the Cu2S impurity has been removed from the 
samples. 
 
Figure 6: EDS elemental mapping of CZTS_PEG nanoparticles after KCN treatment. 
Table 2: Quantitative elemental analysis of CZTS_PEG before and after KCN treatment. 
Element Cu Zn Sn S 
Atomic 
ratio (%) 
Before KCN 48.73 6.13 7.56 37.58 
After KCN 21 12.13 16.38 50.48 
 
SEM image of CZTS_PEG after KCN treatment (Figure 6) shows that there is no 
significant difference between the morphology and particle size before and after 
KCN treatment. However, EDS element mapping confirms that the distribution of Cu, 
Zn, Sn and S are homogenous in the scanned area (Figure 6). Moreover, the 
quantitative analysis of EDS data in table 2 reveals that the atomic ratio of the 
elements was Cu 21%: Zn 12.13%: Sn 16.38%: S 50.48%, which implies a 
significant reduction of Cu element in the KCN treated CZTS_PEG. The atomic ratio 
for both [Cu]/([Zn]+[Sn]) and [Zn]/[Sn] is 0.736 and 0.740, respectively. The 
excessive Sn in the sample is due to the existence of SnO2. which was shown in the 
XRD pattern in Figure 4.  
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Figure 7: TEM, HRTEM images and SAED pattern of CZTS nanoparticles after KCN treatment 
Figure 7(a) illustrates the TEM image of the synthesised CZTS_PEG nanoparticles 
and shows the agglomeration of nanoparticles with the size of 5 - 8 nm. The HRTEM 
image (Figure 7b) displays the interplanar spacing of 3.1Å corresponding to the 
(112) planes of kesterite structure. The SAED pattern (Figure 7c) demonstrates the 
polycrystalline nature of CZTS nanoparticles, which is indicated by the presence of 
diffraction spots of (112), (200), (220) and (224) planes.  
3.7.3 Optical properties 
 
Figure 8: The UV-vis absorption spectra of the CZTS_PEG before (coloured in black) and after 
(coloured in red) KCN treatment. The inset shows the (𝑨𝒉𝒗)𝟐 vs 𝒉𝒗 for the CZTS samples.  
The absorption spectra were measured using the CZTS_PEG based solution. The 
absorption spectra of CZTS_PEG before and after KCN treatment are shown in 
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Figure 8. Both samples exhibited broad absorption in the visible region and extended 
to the near infra-red (NIR) region. However, the spectra show that CZTS_PEG has a 
better absorbance after KCN treatment. The difference in the absorption may be 
caused by the light scattering, which was reduced by the pure CZTS materials. The 
band gap of the sample were obtained by plotting (𝐴ℎ𝑣)2  as a function of ℎ𝑣 
whereby 𝐴 = absorbance, ℎ = Planck’s constant, and 𝑣 = frequency. From the long 
wavelength extrapolation of the band edge, the band gaps before and after KCN 
treatment were determined to be 1.68 and 1.56 eV respectively. The higher band gap 
exhibited by CZTS_PEG before KCN treatment is mainly due to the coexistence of 
Cu2S impurity within the final product.  
3.7.4 Conclusion 
This work shows the failure in synthesising pure phase CZTS materials when PEG 
and PVP were employed in a water-based hydrothermal system. Cu2S and SnO2 were 
found coexist within the final products. The failure in obtaining pure phase CZTS 
materials is due to the weak adsorption and chelating role played by PVP and PEG 
with the metal cations. XRD and XPS measurement as well as the quantitative 
elemental analysis revealed that Cu2S impurity was removed from the CZTS 
products through KCN treatment. The optical property of the KCN treated CZTS 
materials displayed a better absorption than the untreated CZTS materials. The band 
gap of the KCN treated CZTS was determined to be 1.56 eV.  
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Chapter 4: FACILE SYNTHESIS OF 
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SYNOPSIS 
Pure phase CZTS nanocrystals have been synthesised by a hydrothermal route based 
on a precursor solution containing inorganic sulphur source, sodium sulphide (Na2S) 
and a surfactant, thioglycolic acid (TGA). Owing to the absence of the organic 
sulphur source, TGA plays important roles in the synthesis of pure phase CZTS 
compound. TGA acts as a complexing agent by preventing the formation of metal 
oxide such as SnO2, which was found in the final product prepared in the absence of 
TGA. It also acted as a reduction agent, which reduced Cu2+ to Cu+ prior to the 
hydrothermal reaction. The reduction led to the formation of Cu2-xS nuclei, which 
acted as the crystal framework for the formation of CZTS compound. During the 
hydrothermal reaction, CZTS compound was formed through the rapid diffusion of 
Sn4+ and Zn2+ cations to the lattice of Cu2-xS. In addition, TGA prevented the 
aggregation of CZTS nanocrystals by reducing the surface energy of the primary 
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Facile Synthesis of High Quality Kesterite Cu2ZnSnS4 
Nanocrystals – A Hydrothermal Approach 
Vincent Tiing Tiong, John Bell and Hongxia Wang* 
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E-mail: hx.wang@qut.edu.au 
ABSTRACT 
The present work demonstrates a systematic approach for the synthesis of pure 
kesterite phase Cu2ZnSnS4 (CZTS) nanocrystals with uniform size distribution by a 
one-step, thioglycolic acid (TGA)-assisted hydrothermal route. The formation 
mechanism and the role of TGA in the formation of CZTS compound were 
thoroughly studied. It has been found that TGA interacted with Cu2+ to form Cu+ at 
the initial reaction stage and controlled the crystal-growth of CZTS nanocrystals 
during the hydrothermal reaction. The consequence of reduction of Cu2+ to Cu+ led to 
the formation Cu2-xS nuclei, which acted as the crystal framework for the formation 
of CZTS compound. CZTS was formed by the diffusion of Zn2+ and Sn4+ cations to 
the lattice of Cu2-xS during the hydrothermal reaction. The as-synthesized CZTS 
nanocrystals exhibited strong light absorption over the range of wavelength beyond 
1000 nm. The band gap of the material was determined to be 1.51 eV, which is 
optimal for application in photoelectric energy conversion devices. 
KEYWORDS 
Cu2ZnSnS4; Hydrothermal; Thioglycolic Acid; Formation Mechanism 
4.1 INTRODUCTION 
The development of new semiconductor light absorbing materials for applications in 
photovoltaic technologies is driven by the necessity to overcome the key issues in the 
current PV technologies: the high production cost of silicon wafer used in the first 
generation solar cells and the limited availability of raw materials such as tellurium 
and indium used in CdTe and Cu(Ga, In)Se2 (CIGS) based thin film solar cells, 
which has raised significant concerns over their production scale.1 In the process of 
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developing new PV materials that do not have the above problems, Cu2ZnSnS4 
(CZTS) compound is emerging as a promising new sustainable light absorbing 
material for PV technologies. As a direct band p-type semiconductor material, CZTS 
has a theoretical band gap of 1.5 eV and has high light absorption coefficient (> 104 
cm-1) in the range of visible and near infrared irradiation of solar spectrum.2-4 
Shockley-Queisser balanced calculations have predicted that the theoretical 
efficiency of PVs using light absorbers, like CZTS, is 32%.5 
It has been proposed that high-efficiency and low-cost photovoltaic devices can be 
made from CZTS nanocrystals.6, 7 This is due to the fact that thin film light absorber 
layers with controlled thickness can be made from a slurry containing the 
nanocrystals by a cost-effective method such as doctor blading, spin coating and 
screen printing, which can be scaled-up easily. The recently reported thin film solar 
cells based on Cu2ZnSn(S,Se)4 demonstrated a power conversion efficiency of 
11.1%, which has approached the benchmark for large scale production.8 This great 
achievement shows the bright future for CZTS based PVs. The highest efficiency 
CZTS solar cell was made using a hydrazine based sol-gel method. However, 
hydrazine is a highly toxic, dangerously unstable solvent and requires extra caution 
in handling and storage.9 Therefore, a safer, simple yet convenient method for 
fabrication of high quality CZTS nanocrystals is desired.  
The hydrothermal method has been widely used to synthesize high quality 
nanocrystals with unique morphology and crystal structure due to its advantage of 
simplicity of the procedure and low production cost.10-17 However, to the best of our 
knowledge, the formation mechanism of CZTS in hydrothermal reaction has rarely 
been reported due to the complex reactions involved in the system. Herein we 
reported the synthesis of high quality, pure kesterite phase, monodisperse CZTS 
nanocrystals by a one-step hydrothermal procedure. Through thoroughly 
investigating the factors that influence the morphology, crystal size, and growth of 
CZTS nanocrystals, a mechanism that depicts the formation process of CZTS 
compound is proposed. It is found that the tiny amount of thioglycolic acid (TGA) 
used in the precursor is crucial for the formation of pure kesterite CZTS 
nanocrystals. The roles of TGA in the hydrothermal synthesis are discussed. 





All the materials were provided by Sigma Aldrich unless otherwise stated. Chemicals 
of copper (II) chloride dehydrate (CuCl2.2H2O), zinc chloride (ZnCl2) product of 
BDH, tin (IV) chloride pentahydrate (SnCl4.5H2O), sodium sulphide nonahydrate 
(Na2S.9H2O) and thioglycolic acid (TGA) were all of analytical grade and used as 
received without further purification.  Mili-Q water was used in this work. 
4.2.2 Synthesis of CZTS nanocrystals by hydrothermal reaction 
In a typical experimental procedure, 0.2 mmol of CuCl2.2H2O, 0.1 mmol of ZnCl2, 
0.1 mmol of SnCl4.5H2O, 0.5 mmol of Na2S.9H2O and 18 μL of TGA were dissolved 
in 34 mL of Mili-Q water under vigorous magnetic stirring. The solution was then 
transferred to a Teflon-lined stainless steel autoclave (Parr Instrument Company) of 
45 mL capacity, which was then sealed and maintained at 240°C for 24 h. After that, 
the autoclave was allowed to cool to room temperature naturally. The black 
precipitate was collected by centrifugation and washed with deionised water and 
absolute ethanol for several times to remove the ions in the end product. Finally, the 
product was vacuum-dried at 60°C for 5 h. 
4.2.3 Characterization 
The crystallographic structure of the synthesized samples was identified by X-ray 
diffraction (XRD, PANanalytical XPert Pro Multi-Purpose Diffractometer (MPD), 
Cu Kα, λ = 0.154056 nm). The room temperature Raman spectra of the samples were 
recorded with a Raman spectrometer (Renishaw inVia Raman microscope). The 
incident laser light with the wavelength of 785 nm was employed as the excitation 
source in micro-Raman measurement and the spectra were collected by taking the 
average of 10 different spots. The quantitative elemental analysis of the samples 
were characterized by field emission scanning electron microscopy (FESEM, JEOL 
7001F) at an acceleration voltage of 20.0 kV combined with an energy dispersive X-
ray spectroscopy (EDS). Transmission electron microscopy (TEM) images of the 
samples were performed on a JEOL JEM-1400 microscope. High-resolution TEM 
(HRTEM) and selected area electron diffraction (SAED) images were obtained using 
JEOL JEM-2100 microscope at an accelerating voltage of 200 kV. Ultraviolet-visible 
(UV-vis) absorption spectrum of the sample was measured at room temperature 
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using a Varian Cary 50 spectrometer. The chemical state of each element in the 
samples was determined using Kratos Axis ULTRA X-ray photoelectron 
spectrometer (XPS). 
4.3 RESULTS AND DISCUSSION 
4.3.1 Synthesis of CZTS nanocrystals 
 
Figure 1: (a) XRD patterns, (b) Raman spectra, (c) TEM image, (d) HRTEM image and (e) SAED 
pattern of CZTS nanocrystals hydrothermally synthesized at 240 °C for 24 h. 
The XRD pattern of the CZTS nanocrystals prepared at 240 °C for 24 h using 18 μL 
of TGA in the hydrothermal reaction is shown in figure 1(a). All the XRD diffraction 
peaks can be well indexed to the corresponding crystal planes of kesterite CZTS 
(JCPDS 01-75-4122).5, 18 The Raman spectrum of the hydrothermal product is shown 
in figure 1(b). The strong peak at 336 cm-1 together with two shoulder peaks at 288 
and 372 cm-1 further confirm the formation of CZTS.19 No other characteristic peaks 
corresponding to impurities such as Cu2-xS (475 cm-1), SnS2 (315 cm-1), ZnS (278 
and 351 cm-1), Cu2SnS3 (297 and 337 cm-1), and Cu3SnS4 (318 cm-1) that might form 
in the hydrothermal reaction are observed, suggesting the high level of purity of the 
synthesized CZTS material.19, 20 The morphology and particle size of the CZTS 
nanocrystals are shown in figure 1(c), which suggests the CZTS nanocrystals are 
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monodisperse with crystal sizes around 10±3 nm. High-resolution TEM (HRTEM) 
image in figure 1(d) illustrates the crystal interplanar spacing of 3.12 Å, which can 
be ascribed to the (112) plane of kesterite phase CZTS. The diffraction spots in the 
selected area electron diffraction (SAED) pattern illustrated in figure 1(e) can all be 
indexed to the (112), (220), (224) and (420) planes of kesterite CZTS respectively, 
further confirming the phase purity of the material. The atomic ratio of Cu/Zn/Sn/S 
in the material is 1.97/1.04/1.03/3.96 according to energy dispersive X-ray 
spectroscopy (EDS) results (Table 1), which is consistent with the stoichiometric 
value of 2/1/1/4 of CZTS (by considering the experimental error of EDS detector). 
 
Figure 2: XPS spectra of CZTS nanocrystals synthesized at 240 oC for 24h. 
X-ray photoelectron spectrometer (XPS) measurement was conducted to monitor the 
valence states of all four elements in the as-synthesized CZTS nanocrystals. Figure 2 
displays the high resolution XPS analysis for the four constituent elements: Cu 2p, 
Zn 2p, Sn 3d and S 2p of CZTS nanocrystals. The spectrum of Cu 2p shows two 
peaks at 932.14 and 951.99 eV with a splitting of 19.85 eV, which is in good 
agreement with the standard separation (19.9 eV) of Cu(I). The peaks of Zn 2p 
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appear at 1022.29 and 1045.46 eV with a split orbit of 23.17 eV, which can be 
assigned to Zn(II). The peaks of Sn 3d show binding energies at 486.35 and at 
494.77 eV respectively, which is in good agreement with the value of Sn(IV). The S 
2p peaks are located at 161.76 and 162.92 eV, which are consistent with the binding 
energy of sulphur in the sulphide state of CZTS. These results are in agreement with 
the reported values of the binding state of the elements of CZTS.18, 21 
4.3.2 Influence of different reaction condition 
Different reaction conditions such as reaction temperature, reaction duration and 
concentration of capping agent have been reported to have significant impacts on the 
morphology, particle size as well as the optical properties of the materials formed in 
a hydrothermal reaction.17, 22 Hence, a series of experiments under different reaction 
conditions were carried out to understand the role of TGA and to gain in-depth 
insight into the formation mechanism of CZTS nanocrystals. 
4.3.2.1 Influence of TGA concentration 
 
Figure 3: (a) XRD patterns and (b) Raman spectra of the hydrothermal products synthesized with 
different TGA concentration in the precursor solution. 
TGA has been widely used in the hydrothermal synthesis of metal sulphide such as 
ZnS, SnS etc. It has been reported that the content of TGA influences the 
morphology of the hydrothermal product.23, 24 The effect of the content of TGA on 
the formation of CZTS compound was investigated in this work. The XRD results of 
the hydrothermal products synthesized with three different TGA concentrations are 
shown in figure 3(a). As can be seen, when there is no TGA, the XRD pattern of 
hydrothermal product contains the peaks corresponding to kesterite CZTS and three 
other peaks that are attributed to SnO2 (JCPDS 00-001-0625) impurity. Raman 
spectra in figure 3(b) indicates that, in the absence of TGA, a weak peak located at 
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298 cm-1 which is assigned to ternary Cu2SnS3, is detected along with the CZTS 
peaks. However, the peaks corresponding to impurities disappear when a tiny amount 
of TGA (18 μL) is added to the precursor solution. Further increasing the content of 
TGA does not influence the XRD and Raman results of the material. Thus, the very 
small amount of TGA in the hydrothermal precursor solution determines the 
compositional purity of the synthesized CZTS material.  
The quantitative elemental analysis of these three CZTS samples (Table 1) shows 
that the content of Sn element in the hydrothermal sample is very high ([Zn]/[Sn] = 
1/1.40) without TGA. And the ratio of Cu/(Zn+Sn) and [Zn]/[Sn] is close to 1 when 
adding only 18 μL TGA  in the hydrothermal reaction system. The Sn rich and Zn 
poor composition in the sample with no TGA is probably due to the formation of 
Cu2SnS3 and SnO2 impurity as confirmed by the above XRD and Raman spectrum. 
The EDS analysis also shows that the elemental composition of the CZTS material 
using excessive amount of TGA (180 μL) leads to the slightly reduced Sn content 
relative to Zn.  
Table 1: Quantitative elemental analysis of CZTS nanocrystals synthesized with different TGA 
content in the precursor solution of the hydrothermal reaction. 
Ratio 0 μL 18 μL 180 μL 
Cu/Zn/Sn/S 2.02/0.84/1.18/3.96 1.97/1.04/1.03/3.96 1.96/1.02/0.93/4.09 
[Cu]/([Zn+Sn]) 1/1.00 1/1.05 1/0.99 
[Zn]/[Sn] 1/1.40 1/0.99 1/0.91 
 
 
Figure 4: TEM images of CZTS nanocrystals synthesized using (a) 0, (b) 18 and (c) 180 μL of TGA 
at 240 oC for 24h. 
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The morphology of the synthesized CZTS nanocrystals prepared with the three 
different amounts of TGA measured by TEM is shown in figure 4. It shows that 
when there is no TGA in the precursor solution, agglomerates with irregular shape, 
with size ranging from 10 - 150 nm, are obtained. When 18 μL TGA is used in the 
reaction system, uniform and monodisperse CZTS nanocrystals with an average size 
of 10 nm are obtained. By increasing the TGA concentration to 180 μL, the size 
distribution of the CZTS nanocrystals becomes less uniform and some triangular-like 
shaped nanocrystals are observed. The above results demonstrate that a high 
concentration of TGA is not favourable for the formation of monodisperse CZTS 
nanocrystals. At a high concentration, TGA might form a colloid which wraps a 
certain surface of CZTS particles, inhibiting the growth of crystals in all directions.25 
Hence, it is rational to conjecture that TGA might play two key roles in this work. 
One is to prevent aggregation of CZTS nanocrystals by capping on the generated 
nanocrystals to reduce the surface energy (steric hindrance) during the hydrothermal 
process; the other role is selective adsorption on certain facets of CZTS nanocrystals 
and kinetic control of the growth rates of these facets.4, 25 
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4.3.2.2 Influence of reaction duration 
 
Figure 5: (a) XRD of the precipitate collected from the precursor solution prior to hydrothermal 
reaction and (b) XRD patterns and (c) Raman spectra of the samples synthesized at different reaction 
duration. 
Figure 5 (b, c) shows the XRD patterns and Raman spectra of the CZTS nanocrystals 
synthesized at different hydrothermal reaction duration (from 0.5 h to 24 h). The 
XRD pattern of the precipitate collected from the hydrothermal precursor solution 
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prior to the reaction is shown in figure 5(a). The result suggests that Cu7S4 (JCPDS 
23-0958) and Cu1.8S (JCPDS 56-1256) are formed immediately in the precursor 
solution prior to the hydrothermal reaction. When the hydrothermal reaction is 
proceeded for only 0.5 h (figure 5(b)), three XRD peaks that can be assigned to 
kesterite CZTS are observed. The intensity of the diffraction peaks increases 
gradually with the increase of the reaction time. A characteristic peak located at 
around 32.9° corresponding to (200) plane of kesterite CZTS is noticeable only when 
the reaction duration is extended to 8 h and beyond. The gradual increment of the 
intensity of diffraction peaks suggests the improvement of crystallinity of the CZTS 
nanocrystals. However, the Raman spectra (figure 5(c)) of the hydrothermal products 
synthesized at different reaction duration show that, at a shorter reaction time (less 
than 8 h), the hydrothermal products contain a mixture of CZTS, Cu2SnS3 and 
Cu3SnS4. Pure phase CZTS nanocrystals are only obtained at reaction duration of 24 
h. The Raman spectra also show that the intensity of CZTS peak at 337 cm-1 
increases and the peak at 327 cm-1 which belongs to Cu3SnS4 decreases as the 
reaction time is prolonged.26 The red shift of the peak at 298 to 287 cm-1 denotes the 
complete transformation of Cu2SnS3 to CZTS at 24 h hydrothermal reaction. Since 
no peak corresponding to ZnS is observed in the entire Raman spectra, it suggests 
that CZTS compound in the hydrothermal reaction might be formed through 
diffusion of Zn ion to the ternary CuxSnSy (x = 2, 3, y = 3, 4) compound.  
The atomic ratios of [Cu]/([Zn]+[Sn]) and [Zn]/[Sn] of the synthesized hydrothermal 
products obtained at different reaction duration are shown in Table 2. The much 
higher content of copper in the sample obtained prior to the hydrothermal reaction 
and the nearly two-fold of Cu relative to S is consistent with the observation of Cu2-
xS product by the XRD measurement as discussed above. As the reaction time is 
prolonged from 0.5 h to 24 h, the [Cu]/([Zn]+[Sn]) ratio is reduced from 1/0.82 to 
1/1.05, while the [Zn]/[Sn] ratio shows a little change from 1/0.93 to 1/0.99. The 
nearly stoichiometric composition (1.97/1.04/1.03/3.96) of CZTS is obtained at a 
reaction time of 24 h. Since no ZnS is detected in the samples synthesized at 0.5 and 
2 h, we believe that the content of Cu2SnS3 impurity in these hydrothermal products 
is very low. The high content of Zn and Sn compound at 0.5 h and 2 h also suggests 
that CZTS compound is formed rapidly in the hydrothermal reaction.   
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Table 2: Quantitative elemental analysis of CZTS nanocrystals synthesized at different reaction 
duration. 
Ratio 0h 0.5h 2h 8h 24h 
Cu/Zn/Sn/S 5.0/0.1/0.1/2.8 2.1/0.9/0.8/4.1 2.1/1.0/0.9/4 2.1/1/1/3.9 2/1/1/4 
[Cu]/ 
([Zn+Sn]) 
1/0.04 1/0.82 1/0.90 1/0.97 1/1.05 
[Zn]/[Sn] -- 1/0.93 1/0.92 1/0.96 1/0.99 
 
 
Figure 6: TEM images of (a, b, c) Cu7S4 and Cu1.8S nanocrystals collected prior to hydrothermal 
reaction and CZTS nanocrystals synthesized at different reaction duration: (d, e) 0.5 h, (f) 2 h, (g) 8 h, 
and (h) 24 h respectively. 
The TEM images of the hydrothermal products collected at different reaction 
duration are shown in figure 6. Figure 6(a) illustrates that, prior to the hydrothermal 
process, the precipitate obtained from the precursor solution is consisting of 
microspheres with size around 20 - 250 nm. The HRTEM indicates that the 
microparticle is the result of aggregation of numerous oval-like nanocrystals with 
size ranging from 10 - 30 nm. The HRTEM image of the material (inset of figure 
6(b)) shows the lattice fringe of a nanocrystal with an interplanar spacing of 1.87 Å, 
which is in good agreement with the (886) plane of monoclinic structure of Cu7S4. 
Besides that, the lattice fringe of nanocrystal with an interplanar spacing of 1.97 Å, 
which can be ascribed to (220) plane of cubic structure of Cu1.8S, was also found as 
illustrated in the inset of figure 6(c). These finding are consisting with the above 
shown XRD pattern. Figure 6(d) and 6(e) show that when the hydrothermal reaction 
is proceeded for 0.5 h, the dominant products are nanocrystals with irregular size of 
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about 2 - 5 nm. The interplanar spacing of the crystals is 3.125 Å, which belongs to 
the (112) plane of CZTS. This result further confirms the rapid formation of CZTS 
compound in the hydrothermal reaction. Figure 6(f) shows that after hydrothermal 
reaction for 2 h, the agglomeration starts to break into small particles with size 
ranging from 3 - 20 nm. As the reaction time is prolonged to 8 h (figure 6(g)), 
nanocrystals with size in the range of 5 - 10 nm appear in the product, and 
meanwhile the large agglomerates disappear. Upon gradual evolution of the CZTS 
nanostructures, nanoparticles with uniform distribution are obtained after reaction 
duration of 24 h (figure 6(h)).  
4.3.3 Formation mechanism 
 
Figure 7: XRD pattern of the precipitate collected from the precursor solution without TGA prior to 
hydrothermal reaction. 
It is normally assumed that metal cations in a hydrothermal reaction are firstly 
associated with TGA in the precursor solution to form metal-TGA complexes prior 
to the hydrothermal reaction.22, 23 However, the formation of Cu7S4 and Cu1.8S 
compounds in our case suggests that Cu2+ is reduced to Cu+ by interaction with the -
SH (thiol) group of TGA (oxidation of TGA to dithiodiglycolate).27 The XRD pattern 
of the precipitate collected from the precursor solution without TGA prior to 
hydrothermal reaction reveals that CuS (JCPDS 6-0464) instead of Cu2-xS (x = 0 - 
0.2) is formed (figure 7). This confirms the reduction role played by TGA in the 
hydrothermal reaction system.  
We believe that the initially formed Cu2-xS nanocrystals in the precursor solution 
prior to hydrothermal reaction act as nuclei for the formation of kesterite CZTS. The 
formed Cu7S4 and Cu1.8S material has a monoclinic and cubic crystal structure, 
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respectively as confirmed by XRD measurement shown in figure 5(a). At relatively 
high reaction temperature, the copper ions in Cu2-xS have a relatively high mobility 
which can accommodate an exchange with other metal ions at a low energy cost.28 In 
addition, the crystal structure of Cu1.8S has a cubic close packing (ccp) array of 
sulphur ions, which is similar to the arrangement of sulphur in kesterite CZTS crystal 
framework. Hence, the interdiffusion of cations such as Zn2+ and Sn4+ to Cu2-xS 
crystal to form CZTS compound is feasible because there is little lattice distortion in 
such process.29 Thus, the typical reaction condition (220 °C and above) is believed to 
facilitate the chemical transformation from Cu2-xS to CZTS. Since no other binary 
products such as SnS2 and ZnS are discovered in the entire hydrothermal process, 
and only Cu2SnS3 and Cu3SnS4 are detected in the Raman spectra, we believe Sn4+ 
cations are firstly incorporated into the crystal lattice of Cu2-xS and replaced parts of 
Cu+ ion, followed by the rapid doping of Zn2+ to form CZTS compound in the 
hydrothermal process. The formation of CZTS compound as confirmed by TEM at 
the very short reaction time (0.5 h) suggests the fast diffusion rate of Zn and Sn ions 
to the lattice of Cu2-xS nuclei crystals in the hydrothermal process. Moreover, when 
the reaction duration is extended to 8 h, the Zn/Sn ratio is increased to 1/1.04, which 
matches well with the theoretical value of 1:1 in CZTS. With the proceeding of the 
reaction, the primary CZTS crystal nucleus grows to nanoparticles with different 
sizes. Based on the Ostwald ripening process, the small crystal nucleus will grow to 
form larger crystals because the large one has lower surface free energy.30 TGA 
molecules which are adsorbed on the nanocrystals’ surface may restrict the growth of 
CZTS crystals and slow down the growth process, leading to the formation of 
monodisperse CZTS nanocrystals.  Based on the above analysis, a schematics 
showing the formation mechanism for CZTS compound in the hydrothermal reaction 
is shown in Figure 8. 
 
Figure 8: Schematic illustrations of the formation process for kesterite CZTS nanoparticles. 
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Figure 9: UV-visible absorption spectra of the CZTS nanocrystals synthesized at different reaction 
duration and the inset image shows the 2)(Ahv  vs hv  plots with corresponding fitting of the 
samples. 
The UV-visible spectra of the hydrothermal samples synthesized at different reaction 
times are shown in figure 9. It is found that the onset for light absorption of the 
material gradually shifts to longer wavelengths with the elongation of the reaction 
duration. The calculation of the band gap of the materials, which is determined by 
extrapolation of the plot of 2)(Ahv  vs. hv  (Inset of figure 9) where A = absorbance, h 
= Planck’s constant, and v = frequency, shows that the hydrothermal products at 
reaction time of 0.5, 2, 8, and 24 h have band gap of 1.92, 1.76, 1.63 and 1.51 eV 
respectively. The decrement of the band gap value is due to the improvement of 
CZTS purity because impurities such as Cu2SnS3 and Cu3SnS4 have larger band gap 
than CZTS.31, 32  
4.4 CONCLUSIONS 
High quality, pure kesterite phase CZTS nanocrystals with uniform size distribution 
have been successfully synthesized by a facile one-step hydrothermal route based on 
a precursor solution containing thioglycolic acid (TGA) as surfactant. The role of 
TGA in the hydrothermal reaction is clarified and a formation mechanism of CZTS 
compound in the hydrothermal reaction is proposed.  It is believed that the formation 
of CZTS is initiated by the formation of Cu2-xS nanocrystals as a result of reduction 
of Cu2+ by TGA to become Cu+. This is followed by the rapid diffusion of cations 
Sn4+ and Zn2+ to the crystal framework of Cu2-xS to form CZTS. The good optical 
properties and suitable band gap of 1.51 eV of the synthesized CZTS nanocrystals 
indicate the promise of this material for application in low cost thin film solar cells. 
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In the presence of thioglycolic acid (TGA), different sulphur sources, namely organic 
and inorganic sulphur sources, were discovered to affect the compositional purity 
and the crystal structure of the synthesised hydrothermal product significantly. The 
study shows that when an inorganic sulphur source, sodium sulphide (Na2S) was 
employed as the sulphur source, pure kesterite phase CZTS was successfully 
synthesised, while a mixture of kesterite and wurtzite phases CZTS was obtained 
when using an organic sulphur source, thioacetamide. The bandgap of the mixed 
phases CZTS (Eg = 1.58 eV) is determined to be slightly larger than that of pure 
kesterite CZTS (Eg = 1.51 eV). This is attributed to the lower symmetry in wurtzite 
phase crystal structure. The possible role of TGA in orienting the crystal phase in 
mix phases CZTS was discussed.  
The as-synthesised nanocrystals were then deposited on molybdenum-coated soda 
lime glass before being subjected to thermal annealing treatment. The investigation 
of thermal treatment effect on the film indicated that the wurtzite CZTS material was 
completely transformed to the kesterite phase at an annealing temperature of 550 °C. 
The cross-sectional SEM images revealed that there was only little change in terms 
of the crystal size of the films annealed at 550 °C while large grains with size up to 
2.0 μm were found on the surface of the films annealed at 600 °C. The 
photoelectrochemical measurement shows that CZTS films annealed at 600 °C 
generated higher and more stable photocurrent as compared to the CZTS films 
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High quality Cu2ZnSnS4 (CZTS) nanocrystals were synthesized by a one-step 
hydrothermal method. It is found that the nature of sulphur precursor used in the 
hydrothermal reaction influence both the compositional purity and the crystal 
structure of the synthesized hydrothermal product significantly. CZTS material 
consisting of both wurtzite and kesterite crystal structures was obtained when using 
organic sulfur precursor such as thioacetamide and thiourea in the precursor solution 
of the hydrothermal reaction while pure kesterite phase CZTS nanocrystals were 
made when Na2S was employed as the sulphur precursor. CZTS thin films deposited 
on a Mo-soda lime glass substrate with uniform thickness (1.7 μm) were made by a 
simple doctor-blading method. The investigation of the effect of thermal treatment 
on the film has indicated that wurtzite CZTS material was completely transformed to 
kesterite phase when the material was annealed at 550 oC. Large grains (around 2 μm 
in size) were found on the surface of the CZTS film, which was annealed at 600 oC. 
The evaluation of photoresponse of the CZTS thin films has showed that a higher 
and very stable photocurrent was generated by the film annealed at 600 oC, compared 
to the film annealed at 550 oC. 
5.1 INTRODUCTION 
High performance light absorbing materials for photovoltaic devices that use earth 
abundant, non-toxic elements are highly desired to meet the global demand for large 
scale deployment of solar electricity with low environmental impact. The traditional 
light absorbing materials for PV such as Cu(InxGa1-x)S(Se)2 (CIGS) and CdTe are 
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scarce, thus are more expensive than elements such as In, Ga, Te or toxic material 
like Cd.1, 2 The world trading price of In and Ga is around $700/Kg and $1700/Kg at 
their peak demand, which impose a serious concern on the production scale of PV 
technologies using these materials.  Hence, it is highly important to develop new 
alternative light absorbers that bear the merit of low material cost and low 
environmental impact to tackle the global energy crisis. Among the various materials 
that have been developed, chalcopyrite-based light absorber material based on 
Cu2ZnSnS4 (CZTS) has shown promise for cost-effective solar cells. Compared to 
CIGS and CdTe, all the constituent elements in CZTS are richer in the earth’s crust, 
thus much cheaper and are environmentally benign. The abundance of zinc (Zn) and 
tin (Sn) in the earth’s crust is 1500 times and 45 times greater than that of indium 
(In) and gallium (Ga) respectively.3 Fundamentally, CZTS is an ideal light absorber 
for PV applications as well. Pure kesterite CZTS has a direct band gap of 1.5 eV and 
has a strong light absorption ability (light absorption coefficient >104 cm-1) in the 
wavelength range from visible to near infrared of solar spectrum. According to 
Shockley-Queisser photon balanced calculations, the theoretical energy conversion 
efficiency of PV using light absorber material like CZTS is 31-33%.4 A kesterite 
CZTS-based thin film solar cell with an energy conversion efficiency of 8.4% was 
reported, and this performance was further improved to 11.1% through selenization 
of CZTS (CZTSSe) absorber layer.5, 6  
It is well-known that the crystal structure of light absorbing material determines its 
optoelectronic properties, which in turn affect its performance in a PV device. 
Traditionally, it is assumed that CZTS compound has two types of crystal structures: 
kesterite and stannite, and kesterite is the stable phase. The difference between them 
lies in the different arrangement of Cu+ and Zn2+ in the crystal structure.7 
Nevertheless, recently, both theoretical calculation and experimental results have 
indicated that a third phase, wurtzite CZTS, may exist in this quaternary system as 
well.7 DFT based theoretical calculation has indicated that the total energy of 
wurtzite-structured CZTS is much higher than that of kesterite and stannite.8 The 
formation of wurtzite structure CZTS is not favourable thermodynamically, which is 
responsible for the rare observation of this crystal phase experimentally. 
So far, all the reported wurtzite CZTS materials have been synthesized either by the 
organic solvents based hot-inject method or the solvothermal method, both of which 
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use high boiling point organic solvent or solvent mixture in the reaction system, the 
experimental condition of which is less favourable in terms of environmental 
impact.9-12 In this work, we employed a hydrothermal method which used water as 
the sole solvent for synthesis of CZTS quaternary compound. It has been found that 
the nature of sulphur precursor in the hydrothermal reaction determines the formation 
and phase purity of the synthesized CZTS material. CZTS with pure kesterite phase 
was formed when inorganic sulphide Na2S was used as the sulphur source, while 
CZTS containing crystal structures of both kesterite and wurtzite was obtained when 
using an organic thioacetamide (TAA) as sulphur precursor. In contrast, the 
hydrothermal system using thiourea as the sulphur source resulted in an impurity 
Cu7S4 together with CZTS with a mixture of wurtzite and kesterite crystal structure 
in the final product. The photoactivity of the synthesized CZTS nanocrystals was 
evaluated by fabrication of corresponding CZTS thin films with uniform thickness 
and smooth surface deposited on a Mo coated soda lime glass substrate (CZTS/Mo). 
The investigation on the influence of thermal treatment on the morphology and on 
the photoresponse of the CZTS thin films has shown that large grains were formed in 
the film at 600oC, which led to the observation of a very stable photocurrent of the 
film under illumination. 
5.2 EXPERIMENTAL 
5.2.1 Preparation of materials 
All the chemicals used in this work were provided by Sigma Aldrich and used as 
received unless otherwise stated. In a typical experimental procedure, analytical 
grade of copper (II) chloride dehydrate (CuCl2.2H2O, 0.2 mmol), zinc chloride 
(ZnCl2, 0.1 mmol) product of BDH, tin (IV) chloride pentahydrate (SnCl4.5H2O, 0.1 
mmol), sodium sulphide nonahydrate (Na2S.9H2O, 0.5 mmol) thioglycolic acid 
(TGA, 18 μL) were dissolved in 34 mL Mili-Q water under vigorous magnetic 
stirring. The solution was then transferred to a Teflon-lined stainless steel autoclave 
(Parr Instrument Company) of 45 mL capacity, which was then sealed and 
maintained at 240°C for 24 h. After that, the autoclave was allowed to cool to room 
temperature naturally. The black precipitate was collected by centrifugation and 
washed with deionised water and absolute ethanol for several times to remove the 
ions in the end product. Finally, the product was vacuum-dried at 60°C for 5 h before 
further characterization. Similarly, the hydrothermal reaction which used 
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thioacetamide (C2H5NS, TAA) or thiourea (CH4N2S, Tu) instead of Na2S as the 
sulphur source was undertaken under the same experimental conditions. 
For simplicity, the CZTS material made from Na2S sulphur precursor is named as: 
CZTS_Na2S, and the material made from TAA based hydrothermal system is named 
as CZTS_TAA, while the thiourea (Tu) based hydrothermal reaction is named as 
CZTS_Tu. 
5.2.2 Deposition of CZTS thin films 
A slurry containing the as-synthesized CZTS nanocrystals was prepared by 
dispersing CZTS  material (10%, w/w) in mixture of terpineol and triton X-100 
(85%:5%, w/w). The slurry was subject to rigorous magnetic stirring for 48 hours. 
Thin films were made by depositing the CZTS slurry on a molybdenum (Mo) coated 
soda lime glass (Mo/SLG) substrate by doctor-blading. The substrate was prewashed 
thoroughly with deionised water, acetone, and ethanol in sequence under sonication 
for 10 min followed by being blow-dried with nitrogen gas. The thin film was then 
placed in a graphite box containing sulphur powder and annealed at 550°C or 600 oC 
for 30 min in a rapid thermal annealing processing (RTP) system with a heating rate 
of 10 °C/min. A static annealing atmosphere of 0.3 atm argon was supplied in the 
RTP furnace. 
5.2.3 Characterisation 
The crystallographic structure of the synthesized samples was identified by a multi-
purpose X-ray diffractometer (XRD, PANanalytical XPert Pro, Cu Kα, λ = 0.154056 
nm). A Raman spectrometer (Renishaw inVia Raman microscope) with the laser 
excitation wavelength of 785 nm was used to record Raman spectra of the materials 
at room temperature. The Raman spectra were collected by taking the average of 10 
different spots. The morphology and composition of the samples were characterized 
by a field emission scanning electron microscope (FESEM, JEOL 7001F) at an 
acceleration voltage of 10.0 kV combined with an energy dispersive X-ray 
spectroscopy (EDS). Transmission electron microscopy (TEM) of the samples was 
performed on a JEOL JEM-1400 TEM microscope. High-resolution TEM (HRTEM) 
and selected area electron diffraction (SAED) images were obtained using JEOL 
JEM-2100 microscope at an accelerating voltage of 200 kV. Ultraviolet-visible (UV-
vis) absorption spectrum of the CZTS nanomaterial, which was dispersed in ethanol, 
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was measured using a Varian Cary 50 spectrometer. X-ray photoelectron 
spectrometer (XPS, Kratos Axis ULTRA) was employed to determine the valence 
state of each element of the samples. The photoresponse of the CZTS thin films were 
evaluated by a three-electrode photoelectrochemical (PEC) cell, which consisted of 
CZTS/Mo/SLG based working electrode, platinum wire as counter electrode and 
Ag|AgCl reference electrodes in an aqueous electrolyte solution containing 0.2 M 
Eu(NO3)3 (pH = 2.3). The CZTS electrode was illuminated by a light emitting diode 
(LED, 532 nm) with light intensity of 50 mW/cm2 under a constant potential of -300 
mV (vs saturated Ag/AgCl reference electrode). The photocurrent generated by the 
PEC cell was recorded by an electrochemical workstation (VSP BioLogic Science 
Instruments). 
5.3 RESULTS AND DISCUSSION 
5.3.1 Influence of different sulphur source 
The XRD patterns of the hydrothermal products that were synthesised using different 
sulphur sources are shown in Fig. 1(a). For ease of comparison, the standard XRD 
patterns of kesterite CZTS (JCPDS 01-75-4122) and simulated XRD pattern of 
wurtzite CZTS (see the Supporting Information for details) are also shown at the 
bottom in Fig. 1(a). It is found that all the four main peaks corresponding to the 
crystallographic planes of kesterite CZTS ((112), (220), (312) and (200)) can be 
found in all the hydrothermal products using different sulphur precursor. However, 
along with the peaks of kesterite CZTS, two weaker XRD peaks at 32.28° and 46.38° 
that belong to anilite Cu7S4 (JCPDS 22-0250) are also observed along with the peaks 
of kesterite CZTS in CZTS_Tu. Since sulphides such as ZnS and Cu2SnS3 have 
similar XRD patterns with CZTS because of their similarity in crystal structure, 
therefore, it is necessary to employ other techniques such as Raman spectroscopy to 
distinguish these sulphides impurities in the material.  
The Raman spectrum of CZTS_Tu (Fig.1(b)) shows that besides the characteristic 
scattering peaks of kesterite CZTS at 287 cm-1, 336 cm-1 and 372 cm-1, two peaks at 
305 and 359 cm-1 which belong to the Raman scattering of cubic Cu2SnS3 are also 
found.13 Thiourea is commonly used as an organic sulphur precursor for synthesis of 
sulphide nanocrystals, including CZTS. Liu et al reported the successful synthesis of 
wurtzite CZTS using the Tu based hydrothermal method, which contained a 
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significant amount of organic solvent ethylenediamine (water/ethylenediamine = 
9:1).14 The failure of obtaining compositional-pure CZTS in this case may be due to 
the difference in the precursor solutions used in the hydrothermal reaction. 
 
Figure 1: (a) XRD patterns and (b) Raman spectra of the samples synthesised using different sulphur 
sources. 
Phase-pure CZTS with kesterite structure is obtained using Na2S as the sulphur 
precursor in the hydrothermal reaction. As illustrated in Fig. 1(a), all the XRD 
diffraction patterns of as-synthesised CZTS_Na2S at 28.46°, 32.94°, 47.30°, 56.10°, 
58.88°, 69.10°, 76.38° can be assigned to the corresponding (112), (200), (220), 
(312), (224), (008), and (332) crystal planes of kesterite CZTS (JCPDS 01-75-
4122).4 The Raman spectrum of CZTS_Na2S shown in Fig. 1(b) suggests that the 
strong Raman peaks at 336 cm-1 with two shoulder peaks at 288 cm-1 and 372 cm-1 
can be well ascribed to the scattering of kesterite CZTS.13 The characteristic Raman 
peaks corresponding to typical sulphide impurities, which are normally found in a 
hydrothermal reaction such as Cu2-xS (475 cm-1), SnS2 (315 cm-1), ZnS (278 and 351 
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cm-1), Cu2SnS3 (297 and 337 cm-1), and Cu3SnS4 (318 cm-1) are not observed in the 
spectrum.13, 15 This suggests the high purity of the as-synthesised CZTS_Na2S 
material. It is worthy mentioning that Camara et al. also reported the hydrothermal 
synthesis of CZTS nanoparticles using Na2S as the sulphur source. However, they 
failed to obtain phase-pure CZTS material. The possible reason could be due to the 
different chemical compositions in the precursor solution. An ethylene glycol and 
Sn2+ were used as complexing agent and tin source in their hydrothermal system 
instead of thioglycolic acid and Sn4+ as in the current work.16  In contrast, the CZTS 
made from TAA as the sulphur precursor (CZTS_TAA) shows a very different XRD 
pattern. Besides the four XRD diffraction peaks of kesterite CZTS mentioned above, 
the peaks at 26.72°, 30.24°, 39.18°, and 51.10° are also observed. These peaks match 
the diffraction patterns of (210), (211), (212), and (213) planes of wurtzite CZTS 
instead (details of crystal structure and simulated XRD pattern of wurtzite CZTS are 
depicted in Table S1 and Fig S1 in the Supporting Information). Similar XRD peaks 
of wurtzite CZTS, but with much weaker intensity, are also found with CZTS_Tu.  It 
is worth noting that, similar to kesterite CZTS, wurtzite CZTS also has X-ray 
diffraction peaks at around 28.40°, 47.30°, and 56.10°.17 Therefore these three peaks 
can be ascribed to either the (112), (220), and (312) planes of kesterite CZTS or 
(002), (230), and (232) planes of wurtzite CZTS. Nevertheless, the weak diffraction 
peak at around 33°, which is unique to the (200) plane for kesterite CZTS, proves the 
existence of kesterite CZTS in CZTS_TAA and CZTS_Tu (Fig. 1(a)). It indicates 
that the synthesised CZTS_TAA and CZTS_Tu materials contain the crystal 
structure of both kesterite phase and wurtzite phase.18 In order to determine the 
abundance of each crystal phase, the XRD patterns are analysed by Rietveld based 
refinement.19 The results indicate that wurtzite phases accounts for 25.4% of the 
material while the rest is dominated by kesterite phase (Fig. S2). 
Zou et al has reported that the relative reaction rate between Zn2+ and sulphur 
precursor determines the crystal structure of the synthesized CZTS. Fast reaction 
between Zn2+ and sulfur precursors favours the formation of wurtzite CZTS, while a 
slow reaction between them may lead to the kesterite phase.20 The fact that the 
content of wurtzite in synthesized material following the order of CZTS_TAA > 
CZTS_Tu > CZTS_Na2S suggests the relative reaction rate of Zn2+ with the sulphide 
precursor is TAA > Tu > S2-.  However, the reactivity between Zn2+ and TAA might 
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not be rapid enough to form a pure wurtzite crystal structure and the hydrothermal 
reaction was dominated by the slow reaction step, leading to the formation of both 
crystal phases. Similar phenomenon of formation of mixture of wurtzite and kesterite 
phases was also reported in a reaction system where metal acetates of copper, zinc 
and tin reacted with thiourea in oleyamine.21  
The average crystallite sizes of the synthesized CZTS_Na2S and CZTS_TAA 
materials were determined by Scherrer equation,  
𝐷𝑝 = 0.94𝜆/�𝛽1/2 cos𝜃� 
whereby λ is the X-ray source wavelength, β1/2 is the line broadening at half the 
maximum intensity and θ is the Bragg angle. It indicates that the CZTS in 
CZTS_Na2S has an average particle size of 13.2 nm (using 2θ = 28.46) while the 
mean crystallite size of the wurtzite CZTS is around 14.5 nm (using 2θ = 30.33) and 
the kesterite is 17 nm (using 2θ=32.9) in CZTS_TAA. 
As illustrated in Fig. 1(b), the Raman spectrum of CZTS_TAA is very similar to that 
of CZTS_Na2S with scattering peaks at around 286, 337, 366, and 372 cm-1, 
indicating that the different atom arrangement in kesterite and wurtzite crystal 
structure does not influence their Raman vibration.13 Other characteristic peaks of 
impurities are not observed, excluding the formation of secondary phases in the 
synthesized CZTS_Na2S and CZTS_TAA. 
Table 1: Elemental analysis of CZTS material synthesised using different sulphur sources 
Atomic ratio CZTS_Na2S CZTS_TAA CZTS_Tu 
Cu/Zn/Sn/S 1.92/1.01/1.00/3.96 2.04/1.02/1.00/4.13 2.38/0.77/1.17/3.68 
[Cu]/([Zn+Sn]) 1/1.05 1/1.01 1/0.82 
[Zn]/[Sn] 1/0.99 1/0.99 1/1.52 
 
The chemical compositions of the as-synthesised CZTS nanoparticles investigated by 
EDS are shown in Table 1. As can be seen, the atomic ratio of Cu/Zn/Sn/S in 
CZTS_Na2S and CZTS_TAA is very close to the stoichiometric ratio of 2:1:1:4 of 
Cu2ZnSnS4 compound with Cu/Zn/Sn/S = 1.97/1.04/1.03/3.96 for CZTS_Na2S and 
1.99/0.99/0.99/4.03 for CZTS_TAA respectively. In contrast, it is found the atomic 
ratio of the synthesized CZTS_Tu material deviates from the stoichiometry of CZTS 
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compound seriously. CZTS_Tu contains much higher content of copper and less zinc 
with the ratio of [Cu]/ ([Zn]+[Sn]) = 1/0.82 and [Zn]/[Sn] = 1/1.52. This is due to the 
existence of Cu2SnS3 impurity in the hydrothermal products, as confirmed by the 
Raman spectrum discussed before. 
 
Figure 2: EDS elemental mapping of (a) CZTS_Na2S and (b) CZTS_TAA 
 
Figure 3: TEM, HRTEM images and SAED patterns of CZTS_TAA (a, b, c) and CZTS_Na2S (d, e, f) 
nanoparticle. 
The elemental mapping of CZTS_Na2S and CZTS_TAA are employed to investigate 
the homogeneity in terms of material composition.  As shown in Fig. 2, the uniform 
colour of all four elements in the EDS mapping of CZTS_Na2S and CZTS_TAA 
suggests that the distributions of Cu, Zn, Sn and S element in both samples are 
uniform without noticeable compositional variation in the selected area. Ten different 
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areas were selected for EDS mapping and they all showed very similar results. This 
further confirms the compositional purity of the synthesized material, which is in 
good agreement with the above XRD and Raman results. 
The TEM and HRTEM images of the synthesized CZTS_TAA are shown in Fig. 3 
(a, b). It is found that the size distribution of crystallites of CZTS_TAA (Fig. 3(a)) is 
not uniform.  Besides large nanoparticles with size around 50 to 100 nm, smaller 
nanocrystals with sizes ranging from 8 to 10 nm are also observed. The measurement 
of the interplanar spacings, d, of the crystals, shows that d = 0.312 nm, which is 
ascribed to the (112) planes of kesterite CZTS. Meanwhile the larger interplanar 
spacing d = 0.33 nm, which is due to the (210) planes of wurtzite CZTS, is also 
found (Fig. 3(b)). The coexistence of kesterite and wurtzite phases in CZTS-TAA is 
also confirmed by the selected area diffraction pattern of the material as illustrated in 
Fig. 3(c). Both (002), (230) and (232) planes of wurtzite CZTS and (112), (200), 
(220) and (312) planes of kesterite CZTS are found in the SAED pattern, confirming 
the co-existence of both crystal structures in the material. These results are consistent 
with the above XRD results. 
 
Figure 4: XPS spectra of CZTS_Na2S nanocrystals. 
In contrast, the crystallites in CZTS_Na2S (Fig. 3(d)) are monodisperse nanospheres 
with size of 10 ± 3 nm, in good agreement with the crystallite size estimated by 
Scherrer formula. The corresponding HRTEM images (Fig. 3(e)) confirm the good 
crystallinity of the synthesised CZTS nanoparticles. The interplanar spacing, d = 3.12 
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Å in lattice fringe of CZTS_Na2S, which can be ascribed to the (112) plane of 
kesterite phase CZTS, is found. This result indicates that kesterite CZTS grew along 
the [112] direction in CZTS_Na2S in the hydrothermal reaction. The diffraction spots 
in the SAED pattern shown in Fig. 3f can all be well indexed to the corresponding 
planes of kesterite CZTS. 
The valence states of all four elements in the as-synthesised nanoparticles were 
investigated by XPS. It is worth noting that the measured XPS spectra of both 
CZTS_Na2S and CZTS_TAA are found to be the same in terms of bonding energy 
and peak splitting for all four elements. Hence, only the XPS spectrum of the four 
constituent elements: Cu 2p, Zn 2p, Sn 3d and S 2p of CZTS_Na2S are shown (Fig. 
4).  As can be seen, the spectrum of Cu 2p shows two peaks appearing at 932.14 and 
951.99 eV respectively with a splitting of 19.85 eV, which is in good agreement with 
the standard separation (19.9 eV) of Cu(I). The peaks at 1022.29 and 1045.46 eV 
with a split orbit of 23.17 eV can be assigned to Zn(II). The peaks of Sn 3d show 
binding energies at 486.35 and 494.77 eV respectively, consistent with the value of 
Sn(IV). The S 2p peaks are located at 161.76 and 162.92 eV, which are in good 
agreement with the binding energy of sulphur in sulphide state of CZTS. These 
results are in agreement with the reported values of the binding state of the elements 
of CZTS, further confirming the phase-purity of the synthesized material.11 
 
Figure 5: UV-vis absorption spectra of the as-synthesised CZTS_TAA and CZTS_Na2S nanoparticles 
and the inset image shows the (Ahv)2 vs. hv for the samples. 
As a promising light absorbing material, strong light absorption over a broader range 
of the solar spectrum is desired. The UV-visible absorption spectra of the synthesized 
CZTS_Na2S and CZTS_TAA are shown in Fig. 5. Apparently, the light absorption of 
Ph.D. Thesis – Queensland University of Technology                                                              V. T. Tiong 
 
104 
the both materials extends over 1000 nm, indicating their broad light absorption 
characteristics. The band gap is determined by extrapolating the linear part of the 
plot (inset of Fig. 5) of (Ahv)2 vs hv where A = absorbance, h = Planck’s constant, 
and v = frequency of both materials, to zero. The result reveals that the band gap, Eg, 
for CZTS_Na2S  is 1.51 eV, which is in good agreement with the reported theoretical 
calculation of kesterite CZTS (Eg = 1.5 eV).22 In contrast, the band gap of 
CZTS_TAA is a bit larger with Eg = 1.58 eV, which is attributed to the larger band 
gap of wurtzite phase in the material due to its lower symmetry in crystal structure.8 
It is worth noting that the weak light absorption of both films beyond 800 nm in the 
UV-visible spectrum could be due to the scattering effect of the CZTS nanoparticle 
in ethanol. However, such absorption broadening does not influence the accuracy of 
the determination of the bandgap because the linear part of (Ahv)2 falls in the 
wavelength range of less than 720 nm. 
5.3.2 Deposition of CZTS thin films 
CZTS thin films deposited on a Mo/SLG substrate were fabricated to evaluate the 
photoresponse of the synthesized CZTS materials. Since it has been reported that 
thermal treatment is beneficial for the performance of solar cells, the films were 
annealed at different temperatures before assessing their photoactivity under 
illumination.  Both XRD and Raman spectroscopy were employed to scrutinize any 
change of crystal structure and material composition of the annealed film. 
Fig. 6 shows the XRD patterns (a) and corresponding Raman spectra (b) of the 
annealed CZTS_Na2S and CZTS_TAA thin films at 550°C for 30 min. Obviously, 
the crystallinity of the annealed films is improved compared to the film without 
annealing. More importantly, only kesterite phase CZTS are found in the XRD of 
both CZTS_Na2S and CZTS_TAA (Fig. 6(a)). No trace of wurtzite phase CZTS in 
CZTS_TAA is found, suggesting that the thermal treatment has resulted in the phase 
transformation from wurtzite CZTS to kesterite phase. A similar phenomenon was 
also reported by Jiang et al.17 The Raman spectrum of the annealed CZTS_Na2S thin 
films at 550 oC confirms that the thermal treatment does not induce any 
decomposition reaction, since no peak corresponding to impurities is observed. 
However, one strong peak at 320 cm-1 appears in the Raman spectrum of the 
annealed CZTS_TAA film apart from the characteristic CZTS peaks (Fig. 6(b)). This 
peak is ascribed to the Raman scattering of Cu3SnS4 which was not detected by XRD 
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because of the similarity in its crystal structure with CZTS.23 It suggests that wurtzite 
CZTS may partly decompose during thermal treatment. 
 
Figure 6: (a) XRD pattern and (b) Raman spectra of CZTS thin films annealed at 550 oC for 30 min. 
The above results show that Na2S is the best sulphur source to produce high purity 
kesterite CZTS compound, which is very stable under high temperature annealing. 
Thus, the following work focusses on CZTS_Na2S films. 
Fig. 7 (a) shows the cross sectional SEM images and the corresponding EDS 
elemental mapping of the CZTS_Na2S thin films annealed at 550 oC.  Apparently, 
the film is densely packed and uniform with a thickness of around 1.7 μm.  The 
elemental mapping Cu, Zn, and Sn of the film (at bottom of Fig. 7(a)) confirms the 
homogenous distributions of these elements in the film without noticeable 
compositional variation. It is also noticed that there is no observable change in grain 
size in the film after annealing at 550 oC. 




Figure 7: Cross sectional SEM images and EDS elemental mapping of CZTS_Na2S thin film 
annealed at (a) 550 oC for 30 min and (b) 600 oC for 3 h. 
Nevertheless, when the annealing temperature was increased to 600°C and the 
duration was increased to 3 h, large grains of CZTS crystals with size over 2.5 μm 
are found on the surface of the film (Fig. 7(b)). Some grains even grow through the 
whole film (Fig. 7(b), inset). The average thickness of the film remained at around 
1.7 μm. Compared to the film annealed at 550°C, the uniformity of the film annealed 
at 600 oC is reduced because of the formation of the large grains.  It has been 
reported that the carbon-containing solvent used in the colloid preparation for thin 
film coating (e.g. terpineol and triton X-100 in our case) is harmful for the formation 
of large crystals.24 This could explain that the major part of the film still consists of 
small grains. The elemental mapping of CZTS film annealed at 600 oC (at bottom of 
Fig. 7(b)) confirms the homogenous distribution of Cu, Zn, and Sn element in the 
film with atomic ratios close to the stoichiometry of 2:1:1 in CZTS. No Sn loss was 
observed throughout the film, even though the annealing temperature was well above 
500 oC.25, 26 
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5.3.3 Photoactivity investigation of CZTS thin films 
 
Figure 8: J-V plots and voltammogram of the CZTS_Na2S thin film annealed at (a, c) 550 oC and (b, 
d) 600 oC, with the insets of (a) and (b) displaying the enlarged plot. 
Fig. 8(a) and (b) show a current-voltage (J-V) curve of the annealed CZTS 
nanocrystal thin film at different temperature under dark and under illumination 
provided by a light emitting diode (LED, 532 nm). The photocurrent of the CZTS 
films under illumination was measured after 15 min of light soaking, which may 
increase the transient photocurrent of the absorber films compared to the film 
without light soaking. The J-V plot of the cell under dark goes through zero while a 
cathodic photocurrent is observed for the film annealed at 550 oC and 600 oC under 
illumination. The cathodic photocurrent increases gradually with the increase of the 
negative bias, which indicates that the p-type conductive nature of the synthesized 
CZTS material.27 It is also noticed that both the Jsc and Voc of the film annealed at 
600 oC are larger than the film thermally treated at 550 oC, confirming the benefit of 
large grains in the film. 
The stability of the photocurrent of CZTS thin films is evaluated at a constant 
potential of -300 mV (vs. Ag/AgCl reference) by chopping the light on/off with 5 
seconds intervals (Fig. 8(c) and (d)). The CZTS film annealed at 550 oC (Fig. 8(c)) 
shows a photocurrent density of 0.087 mA/cm2 that slightly increases over time 
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under illumination. In contrast, a higher photocurrent density was generated by film 
annealed at 600 oC (0.2 mA/cm2) and the photocurrent was very stable under the 
same illumination condition (Fig. 8(d)). The higher photocurrent is attributed to the 
large grains in the film, which should reduce the electron recombination between the 
generated electron-hole pair owing to reduced grain boundaries. These results 
indicate that large grain of light absorber in thin film is preferable for application in 
solar cells in term of enhancing the performance of the device. The initial decay of 
the transient photocurrent is observed in both films, which could be due to the 
electron-hole recombination at the surface of the CZTS grains. 
5.4 CONCLUSIONS 
High quality quaternary Cu2ZnSnS4 (CZTS) nanocrystals have been successfully 
synthesised using a water based one-step hydrothermal route. It has been found that 
the sulphur precursor used in the hydrothermal system has significant effect on the 
phase purity and crystal structure of the synthesized CZTS material. Pure kesterite 
phase has been obtained when using Na2S as the sulphur source in the hydrothermal 
reaction, while a mixture of kesterite phase and wurtzite crystal phase CZTS was 
made when using organic sulphur thioacetamide as the sulphur precursor. 
Refinement of the XRD result of the material with mixture crystal phases has 
indicated that the kesterite phase accounted for around 74% with the rest as wurtzite 
phase. The band gap of the mixture phase material (Eg = 1.58 eV) is slightly larger 
than that of pure kesterite CZTS (Eg = 1.51 eV). Thin films using the as-synthesized 
CZTS_Na2S nanocrystals were made and were subjected to thermal treatment. Large 
grains with size around 2.0 μm were found on the surface of the film annealed at 600 
oC while there was little change in terms of crystal size in the film annealed at 550 
oC. Compared to the film thermally treated at 550 oC, the film annealed at 600 oC 
also showed higher and more stable photocurrent in photoelectrochemical 
measurement, which is attributed to the large grains formed in the film, leading to 
reduced recombination between electron-hole pairs in the film. 
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The XRD patterns of Cu2ZnSnS4 (CZTS) with wurtzite structures were simulated 
using Visualization System for Electronic and Structural Analysis (VESTA) and 
CCDC Mercury 3.0 softwares. The crystal data of the wurtzite-kesterite CZTS is 
listed in Table S1. The crystal structure representation is shown in Figure S1. 
Powder x-ray diffraction patterns of CZTS_TAA were analysed using the Total 
Pattern Analysis Solutions (TOPAS) version 4.1 software. The Rietveld method was 
employed. The included CuKa5 emission profile was used. The background was 
modelled with a 5th order Chebyshev and also a One_on_X function. The profile was 
fitted using a PV-TCHZ (modified Thomson-Cox-Hastings pseudo-Voigt) function 
for each phase (refined terms were U, V, W and X). The Simple_Axial_Model macro 
was used to model axial divergence. Other refined parameters included sample 
displacement, lattice parameters, and scale factors. Phase ratios were calculated, 
assuming no amorphous/non-diffracting material.  
Table S1: Crystal data of the wurtzite-kesterite CZTS 
Formula    Cu2ZnSnS4 
Crystal system   Monoclinic  
Space group       Pc 
Unit cell dimensions  a = 7.7077 Å; b = 6.6630 Å; c = 6.3482 Å 
Cell volume 0.3260 nm3 
Number of formula units per unit 
cell  2 
Number of atoms in the cell  16 
 




Fig. S1 Crystal structure of wurtzite Cu2ZnSnS4. 
 
 
Fig. S2 Relative abundance of kesterite and wurtzite phase in CZTS_TAA based on 
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5.8 UNPUBLISHED SUPPORTING INFORMATION 
5.8.1 Role of TGA in the formation of mixed phase CZTS 
 
Figure 1: XRD patterns of CZTS nanoparticles synthesised for 24 h at 240 °C with excessive amount 
of (a) TGA and (b) TAA. 
In the route to obtain pure wurtzite phase CZTS in water-based hydrothermal 
synthesis system, the two parameters, thioacetamide (TAA) and thioglycolic acid 
(TGA), which were suspected to control the formation of different CZTS crystal 
phases, were investigated. Interestingly, the obtained product still consisted of mixed 
phases of CZTS, as shown in the XRD pattern (Figure 1), which is similar to the 
XRD pattern of initial CZTS_TAA (Figure 1(a) in the published paper) even though 
the concentration of TGA in the precursor solution was increased by 10 times of its 
initial value. No increment in the crystallinity of the wurtzite phase CZTS was 
observed. Whereas, when the concentration of TAA was increased by 10 times the 
initial value, the XRD pattern illustrates that only kesterite phase CZTS material was 
obtained. The above displayed results imply that when TAA is used as a sulphur 
source in the hydrothermal system, tetragonal crystal structure or kesterite phase of 
CZTS is preferable to form owing to the strong coordination of TAA with the metal 
cations exposed on the surface of kesterite CZTS nanocrystals. However, when TGA 
was introduced into the precursor solution containing TAA, it is rational to speculate 
that TGA adsorbs on the generated nanocrystals to of Cu2-xS reduce the surface 
energy through the steric hindrance effect, exposing certain facets of the primary 
metal sulphides to partially form wurtzite phase CZTS and tune the geometry of the 
crystal structure to hexagonal. Nevertheless, this oriented growth on the crystal phase 
transformation is restricted to a certain level, even with an excessive amount of TGA 
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in the reaction solution. This is due to the strong affinity of TAA towards the metal 
cations which limited the effect of phase transformation by TGA.  
 
Figure 2: TEM images of CZTS nanoparticles synthesised for 24 h at 240 °C with excessive amount 
of (a) TGA and (b) TAA. 
The TEM images in Figure 2 illustrate the inhomogeneous size distribution of CZTS 
product is synthesised when an excessive amount of TGA was employed, while the 
CZTS product synthesised using an excessive amount of TAA resultant in more 
uniformly distributed nanoparticles with size ranging from 5 to 15 nm. This result 
demonstrates that a high concentration of TGA is not favourable for the growth of 
nanoparticles. At a relatively high concentration, TGA might form a colloid to wrap 
the entire surface of CZTS particles, thus inhibiting the growth of crystals in all 
directions. Whereas when an excessive amount of TAA is used in the synthesis of 
CZTS, TAA acts as a sulphur source as well as the surfactant. It kinetically controls 
the growth rates of the crystals and prevents the aggregation of CZTS nanoparticles 
by steric hindrance during the initial growth stage.  
5.8.2 CZTSSe device fabrication 
The device performace of the CZTSSe solar cells built from the CZTS slurry is 
presented. 2.5 cm × 2.5 cm CZTS nanoparticle-based films were prepared in the 
same manner as in the published paper (Chapter 5). The films were pre-annealed on a 
hotplate at 250 °C for 10 min. The pre-annealed films were placed face down in the 
centre of a graphite box. The graphite box was then filled with 0.5g of Se pellets 
situated at either side of the film and positioned in the centre of the furnace. Thermal 
annealing treatment was conducted at 500 °C or 550 °C for 15 min under an argon 
gas flow. The films were allowed to cool to room temperature naturally before 
subjected to characterisation. The selenised films were fabricated into solar cells 
using chemical bath deposition of CdS, DC-sputtering of i-ZnO, RF-sputtering of 
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ITO, and thermal evaporated Al front contacts.1 All the devices were fabricated 
without an antireflective coating.  
5.8.2.1 Results and Discussion 
 
Figure 3: Raman spectra of the CZTS films selenised at 500 °C. 
All Raman spectra of the CZTS films selenised at 550 °C revealed two main peaks at 
197 and 173 cm-1 and weaker peaks located at 233 and 243 cm-1 (not shown here).2, 3 
However, the Raman spectra of the CZTS films selenised at 500 °C demonstrate an 
incomplete selenisation with detectable CZTS peak observed at 330 cm-1 (Figure 3). 
CZTS peak shifted to lower energies with respect to the reported values, 338 cm-1.4 
This is not caused by a calibration error since the CZTSe peaks are in accordance 
with the standard values. The shift of the CZTS peak may be due to a gradient in 
strain under heat treatment.5, 6 Besides CZTS and CZTSe peaks, a shoulder peak 
occurs at around 250 to 260 cm-1 implies that the secondary phases such as ZnSe 
(253 cm-1) and Cu2Se (260 cm-1) coexist at residual level within the selenised 
films.7,8 The formation of secondary or binary phases might be due to the 
evaporation of Sn to the atmosphere during the selenisation process.9 
  








Raman Shift  (cm-1) 
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Figure 4: (a) CZTSe solar cell and (b) J-V curves for the champion cell. 
Figure 4 shows a complete CZTSSe solar cell device and the current density-voltage 
curves of the champion cell under AM 1.5G illumination which were selenised at 
500 °C. The champion cell demonstrated a cell efficiency of 0.37% (Voc = 0.09 V, Jsc 
= 13.9 mA/cm2, FF = 29.75%). Although CZTS films annealed at 550 °C achieved 
full selenisation, the best obtained cell efficiency was 0.24% with Voc = 0.07 V, Jsc = 
12.39 mA/cm2, and FF = 27.16%. The poor performance of these devices is mainly 
due to the poor adhesion of Mo to the glass substrates which causes flaking of Mo 
layer after selenisation process (Figure 5(a)). The poor adhesion of Mo to the glass 
substrates is likely due to the incompetence in glass cleaning before the deposition of 
Mo layer. Some pin holing was also observed in the films after selenisation process 
(Figure 5(b)). All these fundamental problems in glass cleaning and films preparation 
have led to the shorting behaviour of the solar cells, thus delivering low efficiency 
solar cell devices.  
 
Figure 5: (a) Flaking of Mo layer and (b) pin holing after selenisation process. 
5.8.3 Conclusion 
The role of TGA in the formation of mixed phase CZTS was studied. TGA was 
found to reduce the surface energy of the generated nanocrystals and exposed certain 
(a) (b) 
(a) (b) 
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facets of the primary metal sulphides to partially form wurtzite phase CZTS. 
However, the effect of TGA in altering the crystal structure is limited to a certain 
extent due to the strong affinity of TAA towards the metal cations. The CZTSSe 
solar cells were fabricated and evaluated using the CZTS nanocrystal-based films. 
The Raman spectra revealed an incomplete transformation of CZTS to CZTSe at an 
annealing temperature of 500 °C. Weak secondary peaks corresponding to ZnSe and 
Cu2Se were also observed in the films selenised at 500 °C. The best obtained 
CZTSSe device achieved a cell performance of 0.37%. The poor performance of the 
cells is mainly caused by the poor adhesion of Mo to the glass substrates and pin 
holing. Further improvement on the glass cleaning process is crucial in order to 
deliver high performance solar cell devices.  
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SYNOPSIS 
Large-grained absorber layer is highly desirable in producing high efficiency solar 
cell devices. High-temperature thermal annealing treatment is one of the widely 
employed methods to grow large-grained crystals, especially for the nanocrystal-
based films. However, the growth mechanism of CZTS crystals formed from 
nanocrystals is not fully understood yet. Thus, this chapter aims to study the 
influences of various parameters such as the content of carbon per molecule in the 
solvent used in slurry formulation and the effect of sodium on the growth of CZTS 
crystals. The carbon residual that was left behind by the precursor used in slurry 
formulation was found to restrict the grain growth of CZTS. In the meantime, it has 
also limited the formation of MoS2 layer at the back contact of CZTS layer. 
Incorporation of sodium into CZTS shown a significant improvement in the CZTS 
grain size with the complete transformation of nanoparticles to large grain sized 
CZTS occurred at the thermal annealing temperature of 600 °C. The paper resultant 
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6.1 INTRODUCTION 
The recent report on CZTSSe devices with efficiency record of 12.6% achieved by a 
solution-based hybrid slurry process has demonstrated that solution-based 
approaches have the potential to yield better performance devices.1 Nevertheless, 
solution-based approaches face certain limitations in film deposition. Firstly, due to 
the poor-crystallinity of the as-deposited films, a high-temperature thermal treatment 
is necessary for the as-deposited nanocrystals films to induce the grain growth. This 
will avoid excessive recombination and carrier scattering at the boundaries by 
reducing the boundaries between nanocrystals.2 The studies on CZTS nanocrystals 
based solar cells have shown that solar cells, which do not undergo thermal 
annealing treatment, are generally unable to reach efficiency of 1%.3  
Organics are commonly used in slurry formulation to produce homogenous CZTS 
films and to prevent the generation of cracks in films. Although most of the organic 
solvents can be decomposed through the thermal annealing process, the carbon 
residual from the organics may restrict the grain growth thus deteriorate the film 
electronic properties. Our previous research has shown that CZTS nanocrystals that 
were annealed at 550 °C for 30 mins remained in tens of nanometres in size.2 On the 
other hand, CZTS grows to several hundred nanometres when ethylene glycol, which 
has only two carbon atoms for each molecule, is used as hydrophilic ligand in the 
synthesis process.4  
This chapter investigates the influence of both carbon concentration of the solvent 
used in CZTS ink formulation and the effect of sodium on CZTS grain growth. 
CZTS slurry was prepared based on CZTS, which were pre-synthesised through 
hydrothermal method.  
6.2 EXPERIMENTAL SECTION 
6.2.1 Synthesis of CZTS nanocrystals 
All the chemicals used in the work were provided by Sigma Aldrich and used as 
received unless otherwise stated. In a typical experimental procedure, analytical 
grade of copper (II) chloride dehydrate (CuCl2.2H2O, 0.2 mmol), zinc chloride 
(ZnCl2, 0.1 mmol) product of BDH, tin (IV) chloride pentahydrate (SnCl4.5H2O, 0.1 
mmol), sodium sulphide nonahydrate (Na2S.9H2O, 0.5 mmol) thioglycolic acid 
(TGA, 18 μL) were dissolved in 34 mL Mili-Q water under vigorous magnetic 
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stirring. The solution was then transferred to a Teflon-lined stainless steel autoclave 
(Parr Instrument Company) of 45 mL capacity, which was then sealed and 
maintained at 240 °C for 24 h. After that, the autoclave was cooled to room 
temperature naturally. The black precipitate was collected by centrifugation and 
washed with deionised water and absolute ethanol for several times to remove the 
ions from the end product. Finally, the product was vacuum-dried at 60°C for 5 h 
before further characterization.5 
6.2.2 Deposition of CZTS thin films 
A series of slurries containing the as-synthesized CZTS nanocrystals were prepared 
by dispersing CZTS material (15%, w/w) in either glycerol, 1,3-propanediol, 1,5-
pentanediol, or 1,7-heptanediol product of Alfa Aesar (85%, w/w). The slurry that 
contained CZTS (10%, w/w), and a mixture of terpineol and Triton X-100 (85% : 
5%, w/w) was prepared according to our previous work.2 The slurry was then 
subjected to rigorous magnetic stirring for 48 hours at a temperature of 60 °C. Thin 
films were made by depositing the CZTS slurry on Mo/SLG substrate via doctor-
blading method. The substrates were prewashed thoroughly with deionised water, 
acetone, and ethanol in sequence under sonication for 10 min and then blown dry 
with nitrogen gas. The nanocrystal films were then dried on a hot plate at 300 °C for 
10 min. To investigate the sodium effect, the CZTS nanocrystal deposited films were 
soaked in a sodium salt solution for 10 min and dried on a hot plate at 80 °C for 5 
min. The sodium salt solution (0.2M) was prepared by dissolving the sodium acetate 
(NaCH3COO) in ethanol under room temperature. The thin films were then placed in 
a graphite box containing sulphur pieces and annealed at different annealing 
conditions in a rapid thermal processing (RTP) system with a heating rate of 50 
°C/min. 
6.2.3 Characterization 
The morphology and composition of the samples were characterized by a field 
emission scanning electron microscope (FESEM, JEOL 7001F) at an acceleration 
voltage of 20.0 kV combined with an energy dispersive X-ray spectroscopy (EDS). 
The crystallographic structure of the synthesized samples was identified by a multi-
purpose X-ray diffractometer (XRD, PANanalytical XPert Pro, Cu Kα, λ = 0.154056 
nm). A Raman spectrometer (Renishaw inVia Raman microscope) with the laser 
excitation wavelength of 785 nm was used to record Raman spectra of the materials 
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under room temperature. The Raman spectra were collected by taking the average of 
10 different spots. 
6.3 RESULTS AND DISCUSSION 
6.3.1 Influence of carbon concentration 
 
Figure 1: Cross-sectional and top-view SEM images of the annealed CZTS films prepared with (a, b) 
glycerol, (c, d) 1,3-propanediol, (e, f) 1,5-pentanediol, (g, h) 1,7-heptanediol, and (i, j) terpineol 
formulated slurry and annealed at 600 °C for 1 h. 
In order to investigate the influence of carbon concentration in CZTS slurry 
formulation, the slurries were prepared using five different solvents with different 
number of carbon atoms per molecule. The deposited films were annealed at 600 °C 
for 1 h. Figure 1(a) displays the SEM cross sectional image of annealed CZTS film 
prepared with glycerol formulated slurry. A uniform and compact bi-layer with a 
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was observed. SEM image shown in Figure 1(b) illustrates that the surface of the 
film was made up of densely-packed crystals with grain size of up to several 
micrometers. However, small pores were detected on the surface of the CZTS layer. 
A similar bi-layer CZTS film was observed by employing 1,3-propanediol 
formulated slurry, which contains the same amount of carbon in a single molecule as 
glycerol but with different molecular structure. Figure 1(c) demonstrates that the top 
layer was covered by large grains with a layer thickness of 0.8 μm, while a high 
uniformity fine-grained layer (1.7 μm) built up at the bottom layer. The top-view of 
the CZTS film prepared by 1,3-propanediol formulated slurry shown in Figure 1(d) 
indicates that the grain size is smaller than the film made by glycerol. However, the 
surface of the CZTS film has higher compactness and no pores were observed in the 
film.  
When 1,5-pentanediol was used as the solvent in the slurry, the separation between 
the fine-grained layer and large-grained layer is not as distinguishable as the films 
based on glycerol and 1,3-propanediol formulated slurry. Figure 1(e) reveals that a 
1.7 μm fine-grained layer was formed at the bottom while large grains with size of up 
to 1 μm were embedded in the fine-grained layer. The top-view image shown in 
Figure 1(f) displays the annealed film consists of a mixture of large crystals and fine 
nanocrystals. No layer boundaries can be found. The cross-sectional image of 
annealed CZTS films fabricated from 1,7-heptanediol formulated slurry exhibits poor 
uniformity in the film thickness with large voids forming between the fine-grained 
layer and at Mo back contact (Figure 1(g)). Figure 1(h) shows that only a small 
amount of large crystals were formed on the surface of the annealed film. Figure 1(i) 
displays a distinguished fine-grained layer (1.7 μm) with large-grained crystals with 
variable size was formed when terpineol, which has high concentration of carbon, 
was employed in CZTS slurry preparation. The top-view of the annealed film in 
Figure 1(j) illustrates a homogenous distribution of CZTS nanoparticles with a small 
amount of large-grained crystals distributed on top of the layer.  
Although the organic solvent used in slurry formulation has evaporated during the 
high temperature annealing process, the carbon residual that was left behind by the 
solvent has a strong influence on the grain growth of the CZTS nanoparticles. The 
trend of reduction in grain growth can be observed when the number of carbons per 
molecule of the solvent increases. Glycerol and 1,3-propanediol, which only contain 
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two carbon atoms per molecule, have shown the most significant grain growth on the 
exposed surface areas. However, when the carbon concentration of the solvent was 
increased to 5 and 7 carbon atoms per molecule, the grain growth was significantly 
restricted. The exposed surface of the deposited CZTS layer was not fully covered by 
large-grained crystals. The reduction in the size and amount of large-grained crystals 
can be seen. By further increasing the carbon concentration of the solvent to 10 
carbon atoms per molecule (terpineol), only a small amount of large-grained crystals 
can be detected. These results show that the carbon residual left behind by the 
evaporated solvent may have reduced the surface diffusivity of sulphur vapour and 
mass transport rate between nanoparticles and thus prevented the grain growth. The 
carbon residual is believed to have wrapped on a certain facet of the nanoparticles, as 
a coating layer, leading to the large decrease in surface diffusivity from the sulphur 
vapour.6 Moreover, the carbon residual can also prevent the interaction between the 
nanoparticles, thus slowing the formation of necking between the nanoparticles. 
Nevertheless, carbon residual also plays a role in reducing the formation of MoS2 
layer at CZTS back contact. This is beneficial since the formation of MoS2 layer will 
increases the series resistance of the device, leading to lower device efficiency. 
Figure 1(i) illustrates that only less than 50 nm of MoS2 layer was formed during the 
thermal annealing process, while more than 100 nm of MoS2 layer was detected in 
other films with the largest growth of MoS2 layer (300 nm) when 1,3-propanediol 
was employed in slurry formulation (Figure 1(c)). Since there is no MoS2 layer on 
the plain Mo exposed surface (not shown here), it is rational to conclude that MoS2 
layer is formed through the diffusion of the sulphur element from CZTS into Mo 
while the sulphur loss from CZTS is filled by the sulphur vapour diffusion.  
Apart from the concentration of carbon, the pre-annealing condition also determined 
the grain growth of CZTS. Although both glycerol and 1,3-propanediol formulated 
slurry contain the same amount of carbon atoms per molecule, CZTS film prepared 
by glycerol has larger grain sizes on average as compared to CZTS film deposited 
with slurry containing 1,3-propanediol (Figure 1(b) and 1(d)). The difference in grain 
growth may be attributed to the difference in their chemical properties. Glycerol and 
1,3-propanediol has a boiling point of 290 °C and 214 °C, respectively. When both 
films were pre-annealed at 300 °C on hotplate, it is rational to speculate that all the 
1,3-propanediol evaporated during the heating, while a certain amount of glycerol 
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still remained in the film. Hence, CZTS film containing glycerol benefits from the 
liquid-phase sintering, which plays the roles of pulling nanoparticles together by the 
surface tension through rapid mass transport between the nanoparticles. In contrast, 
the grain growth rate in CZTS film prepared by 1,3-propanediol was slower in solid-
phase sintering. Therefore, the pre-annealing condition and chemical properties of 
the solvent used in slurry formulation need to be taken into consideration for 
improving the grain size and growth rate.  
 
Figure 2: (a) XRD patterns and (b) Raman spectra of the annealed CZTS films prepared with 
different slurry formulations. 
The XRD patterns and Raman spectra of the annealed CZTS films deposited with 
different slurry formulations are shown in Figure 2. Figure 2(a) confirms that all of 
the XRD diffraction peaks detected in all the annealed CZTS films can be well 
indexed to the crystallographic planes of kesterite CZTS (JCPDS 01-75-4122). 
However, since metal sulphides such as ZnS and Cu2SnS3 have similar XRD patterns 
with CZTS because of their similarity in the crystal structure, it is vital to employ 
Raman spectroscopy in order to distinguish these secondary phases in the annealed 
films. The Raman spectra illustrated in Figure 2(b) suggests that all the detected 
peaks of all the annealed films located at 265, 287, 338, 367 and 375 cm-1 can be 
ascribed to the scattering of kesterite CZTS.7 The characteristic Raman peaks 
corresponding to typical secondary phases such as Cu2-xS (475 cm-1), SnS2 (315 cm-
1), ZnS (278 and 351 cm-1), Cu2SnS3 (297 and 337 cm-1) and Cu3SnS4 (318 cm-1) are 
not observed in the spectrum.7,8 These results suggest the high stability of the CZTS 
crystals, whereby no phase decomposition of CZTS occurred during the thermal 
annealing process even though the annealing temperature was well above 550 °C.9,10  
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6.3.2 Effect of sodium on grain growth 
 
Figure 3: Cross-sectional and top-view SEM images of the Na salt solution soaked CZTS films 
prepared with 1,3-propanediol and annealed at 600 °C for (a, b) 1 h, (c, d) 1.5 h, and (e, f, g, h) 2h. 
To date, few papers have reported the effect of Na on the microstructure of CZTS.11-
13 In fact, no paper has reported the Na influence on the grain growth of the film 
made from nanocrystals. Figure 3 displays the SEM images of Na-soaked CZTS 
films prepared with 1,3-propanediol and heat treated at 600 °C for different 
durations. The effect of Na can be seen clearly by comparing Figure 1(c) and (d) 
with Figure 3(a) and (b), given that these two films were annealed in the same 
annealing condition of 600 °C for 1 h. Figure 3(a) shows the decrement in fine-
grained layer thickness from 1.7 μm to 1 μm while the large-grained layer thickness 
increased from 0.8 μm to 1.5 - 2 μm. The top-view SEM image of the annealed film 
(Figure 3(b)) illustrates grain size up to 4 μm was obtained with the Na-soaked film, 
which is nearly 2 times of the grain size achieved without Na salt solution soaking as 
shown in Figure 1(d). However, the coverage of the large-grained layer is not ideal 
with some noticeable fine grains on the exposed surface. When the annealing 
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the complete transformation of nanocrystals to large-grained crystals. The cross-
sectional image shown in Figure 3(c) displaying the 2.5 μm thick CZTS layer 
consists of stacking of large crystals from 0.6 μm to 1.8 μm. Figure 3(d) illustrates 
the smooth and homogenous coverage of large-grained CZTS crystals on the exposed 
surface with no visible fine nanoparticles. Figure 3(e - h) demonstrates that when the 
annealing duration was further increased to 2 h, the grain boundaries were reduced 
with the increment of grain size, indicating the increase in compactness of the 
annealed film. The cross-sectional SEM images (Figure 3(e), (g) and (h)) reveal that 
the large-grained layer has an average thickness of 2 - 3 μm. Figure 3(f) exhibits high 
density and uniform surface covered by large-grained CZTS with size more than 5 
μm. Apart from the increment of grain sizes, the increase in the annealing duration 
also induced the growth of the MoS2 layer. The thickness of the MoS2 layer was 
increased from 200 nm (Figure 3(a)) to 300 nm (Figure 3(c) and Figure 3(e)) when 
the annealing duration was increased from 1 h to 2 h. Figure 3(g) also illustrates that 
the MoS2 layer could be extended up to 600 nm when the film was annealed for 2 h.  
This investigation shows that both the thickness and the grain sizes of the large-
grained CZTS layer could be increased by soaking the nanoparticle-based films in 
the Na salt solution. Therefore, it is rational to conjecture that Na plays the role of 
segregating the grain boundaries and surfaces by altering the surface energy of the 
CZTS grains and nanoparticles, thus making the grain growth more favourable.  
The chemical compositions of the CZTS films before and after sintering were 
investigated by EDS. Table 1 demonstrates that the atomic ratio of the as-synthesised 
CZTS is very close to the stoichiometric ratio of 2:1:1:4 with Cu/Zn/Sn/S = 
1.97/1.04/1.03/3.96. The ratio of [Cu]/([Sn]+[Zn]) is 0.95 and [Zn]/[Sn] is 1.01. 
Previous studies show that high temperature (550 °C and above) thermal annealing 
can lead to decomposition of CZTS into binary or ternary product such as SnS, ZnS, 
Cu2S and Cu2SnS3 due to the low vapour pressure of Sn and S.10, 14 However, no tin 
loss was found in our work as confirmed by the identical amount of Sn before and 
after annealing. The atomic ratio of the sintered film reveals significant zinc loss and 
slight increment of sulphur content, leading to the ratio of [Cu]/([Sn]+[Zn]) = 1.02 
and [Zn]/[Sn] = 0.86. Only 4.36% (atomic ratio) of sodium was detected by EDS 
measurement. This suggests that only a small amount of sodium is needed to induce 
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the grain growth of CZTS nanocrystals to form large crystals. The atomic ratio of 
Cu/Zn/Sn/S/Na for the sintered film is determined to be 1.84/0.83/0.97/4.01/0.35.  
No Sn-loss was detected in our annealing process although many researchers have 
reported Sn-loss due to volatility of Sn sulphides at high annealing temperature.15-17 
This may be due to the strong bonding between the Sn and S atoms in the 
synthesised CZTS nanocrystals which are capable to resist the entropic gain from the 
sulphur vapour during thermal annealing process. In addition, CZTS films in our 
annealing system benefited from the high sulphur vapour pressure during the 
annealing process.18 Even though CZTS nanocrystals already contain significant 
amount of sulphur, excess sulphur pressure during annealing processing is still 
required to suppress the decomposition reactions of CZTS that can occur at high 
temperature of synthesis.19 The graphite box employed in the annealing process was 
specially designed so that it only allows the sulphur vapour to escape under high 
sulphur vapour pressure. Moreover, the sulphur vapour pressure needs to overcome 
the pressure from the argon gas which was introduced in the tube chamber. These 
two designs have limited the amount of sulphur vapour escape from the graphite box, 
leading to the higher internal pressure. 
Table 1: EDS elemental composition of CZTS films prepared with 1,3-propanediol. 
Element Cu Zn Sn S Na 
Atomic 
Ratio (%) 
Before Annealing  24.63 13.00 12.87 49.50 - 
After Annealing 23.04 10.40 12.13 50.07 4.36 
 
Chapter 6: Study of Cu2ZnSnS4 Grain Growth Mechansim 
 129 
 
Figure 4: EDS elemental mapping of Na salt solution soaked CZTS film prepared with 1,3-
propanediol and annealed at 600 °C for 2 h. 
The elemental mapping of the Na-soaked CZTS film annealed at 600 °C for 2 h was 
employed to investigate the homogeneity of the material composition. As illustrated 
in Figure 4, the uniform colour of all five elements in the EDS mapping suggests that 
the distribution of Cu, Zn, Sn, S and Na elements are homogeneous without 
noticeable compositional variation in the selected area.  
6.4 CONCLUSIONS 
The crystal grain growth of CZTS through thermal annealing treatment was studied 
thoroughly. Carbon residual that was left behind by the evaporated organic solvent 
used in slurry formulation was found to restrict the growth of nanocrystals to form 
large crystals. The pre-annealing condition and chemical properties of the solvent 
used in slurry formulation was found to influence the grain size and growth rate of 
the CZTS crystals. Sodium was discovered to induce the growth of CZTS crystals. 
The complete transformation of nanocrystals to large-grained crystals could be 
observed when the thermal treatment was conducted at 600 °C for 1.5 h. The EDS 
compositional analysis shows significant zinc loss due to high temperature annealing, 
and the low content of sodium was incorporated into CZTS after sodium salt solution 
soaking. 
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Chapter 7: SUMMARY, CONCLUSIONS 
AND FUTURE WORKS 
This project has extended knowledge in the synthesis of copper zinc tin sulphide 
(CZTS) semiconductor nanocrystals via a hydrothermal synthesis approach. The 
investigation of various reaction parameters on the controlled synthesis of CZTS 
nanocrystals has provided important insight into the formation mechanism and 
crystal growth behaviour of nanocrystals. CZTS nanocrystals with different crystal 
structure and particle size were synthesised. The growth mechanism of CZTS 
nanocrystals through a high temperature annealing treatment was explored. This 
chapter summarises the work presented, discusses the significance of the research 
outcomes and illustrates possible directions for future work.  
7.1 SUMMARY  
This thesis has made the following contributions to the state-of-the-art: 
7.1.1 The synthesis of CZTS nanoparticles using an organic sulphur source and 
polymers as a surfactant (Chapter 3) 
The results presented in Chapter 3 illustrate the importance of a surfactant in 
synthesising pure phase CZTS materials using the hydrothermal method. A 
combination of optimum reaction temperature and duration of 230 °C and 24 h, 
respectively were found to have facilitated the synthesis of pure phase CZTS 
materials in the presence of polyacrylic acid (PAA). Different reaction temperature, 
reaction duration and the PAA amount in the precursor solution were examined and 
were found to influence the morphology and particle sizes of CZTS nanoparticles as 
well as the purity of the final product. PAA plays the role in determining the purity 
of the final product as well as tuning the morphology of CZTS nanoparticles. 
Through the investigation of the time-dependent phase evolution, the formation 
mechanism of CZTS was disclosed. CZTS nanoparticles in the hydrothermal reaction 
were found to form through the reaction between ZnS and Cu2SnS3 with the latter 
formed from Cu2S and SnS2. Both photoresponse and light absorption properties of 
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the synthesised CZTS material were studied. The 1.49 eV bandgap of the synthesised 
CZTS product matched well with the bulk CZTS materials and exhibited 
photoresponse under illumination. This work has also demonstrated that Raman 
spectroscopy is a complementary technique to XRD measurement, allowing an 
improved capability in resolving the different secondary and ternary phases that may 
be present in the synthesised CZTS product. 
Similar precursor sources were used by Li et al. where a hot injection synthesis route 
using oleylamine (OLA) as the reaction medium.1 Thioacetamide (TAA) was 
reported to react with OLA to yield H2S and long-chain N-substituted thioamides. 
This led to the formation of kesterite phase CZTS through the highly reactive H2S 
while the less reactive long-chain thioamides yields the wurtzite-phase CZTS. As a 
result, a mixture of kesterite and wurtzite phase CZTS was obtained. In contrast, only 
H2S was produced through the reaction of TAA and water in water-based 
hydrothermal reaction system. Therefore, only kesterite phase CZTS was formed. 
This reflects the important role played by the reaction medium in the formation and 
the crystallographic phase of the CZTS nanocrystals. 
7.1.2 The role of thioglycolic acid in the formation of CZTS nanocrystals using 
an inorganic sulphur source (Chapter 4) 
The work presented in Chapter 4 explores the possibility of synthesising CZTS 
materials using an inorganic sulphur source. The results show that tin oxide (SnO2) 
was detected in the final product when an inorganic sulphur source was employed. In 
order to prevent the formation of metal oxide, a small molecule based surfactant, 
namely thioglycolic acid (TGA) was then used in the hydrothermal reaction. TGA 
was found to play important roles as both a reduction agent and surfactant in this 
hydrothermal reaction. It is believed that the formation of CZTS is initiated by the 
formation of Cu2-xS nanocrystals as a consequence of reduction of Cu2+ to Cu+ by 
TGA prior to the hydrothermal reaction. This led to the formation of CZTS 
compound through the rapid diffusion of cations Sn4+ and Zn2+ into the crystal 
framework of Cu2-xS during the hydrothermal reaction. During the growth of the 
CZTS crystal nucleus, the TGA molecules, which were adsorbed on the 
nanocrystals’ surface, restricted the growth of CZTS crystals. The restricted growth 
of CZTS nanocrystals led to the formation of monodisperse CZTS nanocrystals. The 
proposed formation mechanism is in good agreement with the reported CZTS 
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compound formed through hot injection method whereby the initially formed binary 
copper sulphide was found to serve as the crystal framework for the formation of 
CZTS compound.2-4 The bandgap of the synthesised CZTS nanocrystals was 
determined to be 1.51 eV.  
7.1.3 The effect of sulphur precursor and thermal treatment on the CZTS 
crystal structure and optoelectronic properties (Chapter 5) 
A different sulphur precursor used in the hydrothermal system was uncovered to 
affect the formation and phase purity of CZTS compound. CZTS with pure kesterite 
phase was successfully synthesised when sodium sulphide (Na2S) was employed as 
the sulphur source, while a mixture of kesterite and wurtzite crystal phases CZTS 
was obtained when using an organic sulphur source, thioacetamide. Refinement of 
the mixture crystal phases XRD result indicated that the kesterite phase accounted 
for around 74% while the rest was wurtzite phase. The bandgap of the mixture 
phases CZTS (Eg = 1.58 eV) was determined to be slightly larger than that of pure 
kesterite CZTS (Eg = 1.51 eV), which is attributed to the lower symmetry in wurtzite 
phase crystal structure. CZTS thin films were fabricated using the synthesised CZTS 
nanoparticles. The wurtzite CZTS material was found to completely transform to 
kesterite phase under thermal annealing temperature of 550 °C. Thermal treatment of 
the films conducted at various temperatures revealed that large grains with sizes of 
around 2.0 μm were found on the surface of the film annealed at 600 °C, while there 
was little change in the crystal size of the film annealed at 550 °C. No decomposition 
was found on the CZTS nanocrystals at high annealing temperature. This reflects the 
better stability of nanocrystal-based films as compared to the films fabricated by 
using vacuum-based, evaporation and sputtering methods. The investigation of the 
films photoactivity indicated that the large-grained CZTS crystal film is preferable 
for higher and stable photocurrent. This phenomenon could be explained by the 
reduction in the recombination of electron-hole pairs resultant from the larger grains 
formed in the film.  
The reaction rate between the metal and sulphur precursor was suspected to be the 
limiting factor in determining the compound in hot injection method.1, 5 Kesterite 
phase CZTS was formed through the rapid reaction between the metal complexes 
and H2S owing to the fast production of H2S when highly reactive elemental sulphur 
was used as the sulphur source. On the other hand, slower reaction rate between 
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metal complexes with long carbon chained organic leads to the formation of wurtzite 
phase CZTS compound. This is due to the growth rate of CZTS which is controlled 
by the slow bond-breaking process to release S2-. Similar phenomenon was observed 
in the hydrothermal reaction system reported in this chapter whereby kesterite phase 
CZTS was formed when Na2S was used as the sulphur source while mixture of 
kesterite and wurtzite phase CZTS was produced when organic sulphur sources, 
TAA and thiourea (Tu) was employed in the precursor solution. Even though one can 
argue that this phenomenon is due to the reaction rate initiated by low dissociation 
temperature of Na2S where S2- is more readily to be released at room temperature 
than the organic sulphur source which leads to the rapid formation of Cu2-xS nuclei, 
this isn’t the main reason behind the formation of different crystal phase of CZTS in 
the hydrothermal system. The XRD pattern of CZTS compound synthesised with 
excessive amount of TAA shows only kesterite phase CZTS was produced (Figure 1, 
page 113). This ruled out the influence of reaction rate caused by the different 
sulphur precursor in the hydrothermal system. In contrast, TGA was suspected to 
selectively adsorb on the nanocrystals of Cu2-xS to reduce the surface energy and 
tuning the geometry of the crystal structure to hexagonal, thus forming wurtzite 
phase CZTS (more explanation could be found under section 5.8.1, in page 113 and 
114). More work is still needed to fully understand the formation as well as the 
growth mechanism of the mixed phase CZTS compound in the current synthetic 
procedure. 
7.1.4 The study of the CZTS grain growth mechanism under high temperature 
annealing treatment (Chapter 6) 
Chapter 6 presented the study of CZTS grain growth through thermal annealing 
treatment. Carbon residual that was left behind by the evaporated organic solvent 
used in slurry formulation was found to restrict the growth of nanocrystals to form 
large crystals. The results show that the formation of large crystals was reduced with 
the increasing number of atoms per molecule of the solvent used in slurry 
formulation. The investigation on the effect of sodium demonstrated that CZTS 
crystals have a faster growth rate through the incorporation of sodium. Sodium 
played the role of segregating the grain boundaries by altering the surface energy of 
the CZTS grains, and thus induced the grain growth of CZTS. The complete 
transformation of nanocrystals to large crystals was observed in the films, which 
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were annealed at 600 °C for 1.5 h. The work presented in this chapter demonstrates 
that large grain growth from nanocrystal films is possible by using the right slurry 
formulation, film preparation and annealing conditions.  
7.2 CONCLUSION 
This project systematically examined the effects of various reaction parameters on 
the formation of CZTS nanocrystals via a hydrothermal method. The work 
demonstrated that the synthesis of CZTS compounds with different crystal structure 
and size could be achieved using a water-based hydrothermal system. The precursor 
materials especially the sulphur sources were revealed to be able to determine the 
formation of different crystals structure of CZTS. Surfactants and/or capping ligands 
were found to play the roles of determining the purity and phases of CZTS 
compound, as well as controlling the crystal growth of CZTS nanocrystals. The 
slurry formulas that were developed in this project are capable of depositing uniform 
and compact nanoparticle-based films. Lower carbon content of solvents used in 
slurry formulation and the incorporation of sodium were found to be advantageous in 
completely transforming the nanocrystals to large crystals at the right annealing 
conditions. The proposed grain growth methodology has resolved the difficulties 
encountered by the sulphurised nanocrystal films in achieving large grains. The 
findings in this project may inspire scientists to discover novel materials with 
interesting properties and may act as a stepping stone towards the fabrication of high 
efficiency solar cell devices.  
7.3 FUTURE WORK 
This project has offered many avenues for the development of high efficiency solar 
cell devices. The extensive studies on the synthesis and characterisation of CZTS 
materials as well as the crystal growth of CZTS have offered a better understanding 
of the material. However, due to the limitation of time, the study on the fabrication of 
solar cell and factors affecting the cell’s performance was not carried out. Therefore, 
the future work should focus on the solar cell fabrication and identify the limiting 
factors towards high performance solar cell devices. The following section lists a 
number of possible future directions: 
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7.3.1 Thermal annealing treatment 
Although the development of the thermal annealing treatment proposed in the project 
is capable of delivering a large-grained CZTS layer, the effect of various thermal 
annealing conditions on CZTS grain growth was not fully investigated. The best 
thermal annealing condition, such as annealing temperature and duration, heating and 
cooling rate of the furnace, annealing environment (vacuum or noble gases) as well 
as the sulphur vapour pressure, must be determined in order to deliver cost effective 
and good quality films.  
7.3.2 Fabrication of CZTS thin film solar cells 
The possibilities of commercialising CZTS solar cells will be evaluated by 
fabricating complete solar cell devices. The electrical properties of devices will be 
assessed to optimise the power conversion efficiency (PCE) of the devices. The 
limitation of open circuit voltage (Voc) is one of the most important issues that CZTS-
based solar cell devices are currently facing. One of the possible ways to solve this is 
by replacing the most commonly used CdS n-type buffer layer with perovskite. 
Prevoskite, which has high charge carrier mobility and longer charge carrier lifetime, 
has huge potential in solving the low Voc problem.  
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